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FOREWORD 


By  Hugh  S.  Taylor,  Princeton,  N.  J. 


It  is  a  far  cry  from  Drake’s  well  in  Bradford,  Pennsylvania,  in  the  mid- 
nineteenth  century  to  the  petroleum  industry  ol  the  mid-twentieth  century. 
The  ingredient  that  has  been  fed  into  the  industry  to  produce  the  astonish¬ 
ing  change  is  fundamental  science.  1  he  lush  period  ol  growth  has  been  the 
years  between  two  World  Wars.  The  demands  of  world  conflict,  the  mecha¬ 
nization  of  armed  might,  the  use  of  the  internal  combustion  engine  for 
propulsion,  on  the  ground  and  in  the  air,  provided  the  urge  to  develop 
still  better  methods  of  evaluating  Nature’s  provision  of  oil  supplies. 
Four  decades  ago  it  was  sufficient  to  take  from  the  ground  what  discovery 
revealed  and,  with  primitive  refining  methods,  produce  what  the  crude  oil 
supplies  contained.  An  inadequate  supply  of  gasoline  prompted  the  first 
efforts  to  improve  on  the  natural  product.  Straight  distillation  processes 
yielded  to  the  original  cracking  processes  to  increase  yields  of  the  valuable 
gasoline  fraction.  Thereby  was  set  in  motion  a  whole  train  of  operations 
designed  to  modify  still  further  what  Nature  provided.  Science,  chemical 
science,  became  the  handmaiden  of  the  petroleum  industry.  The  operator  in 
the  refinery  yielded  to  the  scientist  and  the  chemical  engineer. 

These  volumes  are  a  record  of  how  far  this  intrusion  of  science  into  an 
industry  has  proceeded.  The  distillation  process  is  now  subordinate  to  a 


whole  host  ol  chemical  processes  which  take  the  hydrocarbon  molecule 
from  the  ground,  shatter  it  to  bits  and  then  remold  it  nearer  to  the  heart’s 
(or  the  consumer’s)  desire.  That  is  why  he  who  enters  the  petroleum  or 
related  industries  today  should  enter  equipped  with  the  ultimate  that 
modern  physico-chemical  science  can  provide.  He  must  know  something 
of  the  nature  ot  the  chemical  bond,  something  of  the  thermodynamics  of 
hydrocarbon  systems.  He  must  know  how  molecular  structure  can  be  ex¬ 
plored  with  the  tools  of  the  physicist,  with  ultraviolet  and  infrared  absorp¬ 
tion  spectra,  for  then  he  can  use  these  properties  to  follow  the  change  from 
normal  butane  to  isobutane  and  hence  understand  new  methods  of  produc¬ 
ing  100-octane  fuels.  The  mass-spectrograph,  Aston’s  device  for  determining 
the  abundance  of  isotopes  in  the  ninety -odd  elements  of  the  Periodic  Table 
becomes  a  tool  for  the  analysis  of  complex  hydrocarbon  mixtures  defiant 
of  any  other  tools  of  analytical  measurement.  And  this  is  typical;  each  new 
advance  in  fundamental  science  has  relevance  to  progress  in  the  hydro- 
carbon  industries.  Even  the  lowly  Phase  Rule,  which  Nemst  once  patron¬ 
ize  in  his  Theoretical  Chemistry,  becomes  an  indispensable  tool  for  the 
solution  of  problems  of  separation  by  distillation  or  crystallization. 

In  brief,  the  young  neophyte  who  would  wish  to  venture  into  the  petro- 
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leum  industry  today  and  leave  on  that  industry  the  mark  of  his  effort  must 
come  prepared  with  a  scientific  equipment  of  which  his  parent  never  knew 
or  dreamed.  Sound,  solid  scholarship  in  the  fields  of  chemistry  and  physics 
are  essential.  If  he  would  measure  his  equipment  for  the  task  let  him  scan 
these  volumes,  for  they  record  what  is  known  in  this  science  of  hydro¬ 
carbons.  These  are  the  records  of  how  the  industry  utilizes  science  today. 
If  he  would  write  a  new  chapter  it  is  from  these  that  he  will  start.  Let 
him  also  realize  that  the  deeper  the  understanding  of  basic  science  the 
swifter  can  one  proceed  to  a  desired  objective  in  the  applications  of  science. 
That  fact  alone  justifies  these  volumes  as  a  service  to  hydrocarbon  tech¬ 
nology. 


Preface 


The  last  decade  or  two  has  witnessed  an  unprecedented  development  and 
ramification  of  hydrocarbon  technology.  The  large-scale  production  of 
butadiene  and  styrene;  the  conversion  of  petroleum  hydrocarbons  to  isooc¬ 
tane  and  toluene;  the  hydrogenation  of  coal;  the  synthesis  of  valuable 
hydrocarbons  from  carbon  monoxide  and  hydrogen;  the  upgrading  of  gaso¬ 
line  by  the  judicious  application  of  a  number  of  novel  isomerization,  con¬ 
densation,  and  cracking  reactions  are  typical  examples  of  the  development 


during  this  period. 

The  technical  progress  which  proved  to  be  of  decisive  importance  during 
World  War  II  and  has  affected  many  of  the  products  in  daily  use  was  made 
possible  by  the  closest  collaboration  of  science  and  industry.  In  the  course 
of  this  cooperation,  the  problems  of  technology  were  given  very  close  atten¬ 
tion  in  the  academic  laboratories  and  conversely,  methods  and  techniques 
previously  reserved  for  the  pure  scientists  found  their  way  into  industrial 
laboratories. 

X-ray  diffraction  cameras,  optical  and  mass  spectrographs,  and  other 
complex  physical  and  physicochemical  equipment  are  being  used  extensively 
nowadays  by  the  industry,  and  indeed  the  demand  created  by  their  re¬ 
markable  usefulness  made  possible  the  commercial  production  of  such 
instruments  at  a  reasonable  cost.  Fundamental  knowledge  relating  to  the 
different  states  of  aggregation  of  hydrocarbons;  information  on  the  mech¬ 
anism  of  chemical  reactions  involving  hydrocarbons;  and  data  on  physical 
properties  are  being  used  to  great  advantage  in  various  separation  and  con¬ 
version  processes  of  hydrocarbons  and  in  their  industrial  applications. 

The  purpose  of  this  book  is  to  summarize  the  physicochemical  basis  of 
the  new  techniques  and  methods  recently  adopted  by  the  hydrocarbons 
industry,  and  to  help  the  research  worker  in  exploiting  these  procedures 
more  extensively  and  more  intensively.  Although  it  is  fully  appreciated 
that  these  data  have  previously  been  presented  dispersed  in  various  jour¬ 
nals,  monogiaphs,  and  textbooks,  it  is  felt  that  the  harried  researcher  might 
get  some  benefit  from  a  summary  contained  in  a  single  book. 

This  book  has  been  written  primarily  for  the  chemist,  engineer,  or  phys¬ 
icist  engaged  in  the  petroleum,  coal-tar,  rubber,  or  terpene  industry  or  in 
some  other  branch  of  hydrocarbon  technology  or  research.  It  is  hoped 
however,  that  workers  in  related  fields  and  academic  scientists  also  will 
find  some  useful  information  in  this  book  to  further  their  work. 

In  the  treatment  of  the  subject  matter,  emphasis  was  laid  on  theory 
T  °"  thC  expenmental  side-  References  to  techniques  have  been 

complete  ““  “  **  appeared  Warranted 
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The  material  covering  the  physicochemical  basis  of  properties,  reactions, 
separation,  and  analytical  methods  relating  to  hydrocarbons,  is  treated  in 
two  volumes,  of  which  the  present  book  is  the  first.  The  second  volume 
will  deal  with  physical  properties  such  as  refractive  index,  density,  heat 
capacity,  and  viscosity;  the  chemical  kinetics  of  hydrocarbon  reactions; 
distillation;  adsorption  and  other  separation  processes. 

Since  the  individual  chapters  were  written  independently,  there  is  some 
overlapping  and  repetition.  It  is  hoped  that  this  shortcoming  will  be  over¬ 
looked  in  view  of  the  attempt  to  make  each  section  a  self-contained  article 
understandable  without  the  perusal  of  any  other  chapter  in  the  book. 

If  this  volume  is  accorded  a  favorable  reception  it  will  be  because  of  the 
efforts  of  the  contributors. 

Adalbert  Farkas 
Philadelphia ,  Pa. 


CONTENTS 


Foreword . 

Editor’s  Preface .  vn 

The  Chemical  Bond  in  Hydrocarbon  Molecules 

By  G.  W.  Wheland,  Department  of  Chemistry,  University  of  Chicago,  Chicago,  Illinois 


I  Historical .  1 

II  Principles  of  Quantum  Mechanics .  6 

III  Central-Field  Wave  Functions .  H 

IV  Structures  of  Complex  Atoms .  15 

V  The  Heitler-London  Treatment  of  the  Hydrogen  Molecule .  19 

VI  The  “Valence-Bond  Method” .  23 

VII  The“  Molecular-Orbital  Method” .  24 

VIII  Recapitulation  of  the  Quantum-Mechanical  Treatment  of  Valence .  25 

IX  Bond  Angles  and  the  Tetrahedral  Carbon  Atom .  30 

X  The  Carbon-Carbon  Double  Bond .  35 

XI  The  Carbon-Carbon  Triple  Bond .  38 

XII  Strain  Theory .  40 

XIII  The  Theory  of  Resonance .  42 

References .  51 


The  Molecular  Structure  of  Hydrocarbons  as  Determined  by  Spectroscopy  and 

Electron  and  X-Ray  Diffraction 


By  M.  H.  Jellinek,  The  Linde  Air  Products  Company ,  Tonawanda,  New  York 

Introduction . 

I  Infrared  Absorption  Spectra . 

II  Raman  Spectra . 

III  X-Ray  Diffraction  by  Crystals . 

IV  X-Ray  Diffraction  by  Liquids . 

V  X-Ray  Diffraction  by  Gases . 

VI  Electron  Diffraction  by  Gases . 

References . 


55 

56 

57 

58 
67 
69 
71 
79 


Mass  Spectroscopy  in  Hydrocarbon  Analysis 

By  J.  J.  Mitchell,  Beacon  Laboratories  of  the  Texas  Company,  Beacon,  New  York 

I  The  Mass  Spectrometer .  go 

II  The  Production  of  Ions  from  Gases .  .  87 

HI  Mass  Spectra  of  Hydrocarbons .  gg 

IV  Use  of  Mass  Spectra  in  Quantitative  Analysis .  /  /  . .  95 

V  Factors  Controlling  Analytical  Accuracy .  1D1 

VI  Rgfgren^86  °f  ^  M&SS  Spectrometer  in  Hydrocarbon  Analysis. . .  ]06 

Optical  Properties  of  Hydrocarbons;  Infrared  Absorption,  Raman,  and  Ultraviolet 

Absorption  Spectroscopy 

By  Norman  D.  Coogrshall,  Gulf  Research  and  Development  Company,  Pittsburgh 

Pennsylvania 

I  Infrared  Absorption . 

II  Raman  Spectroscopy .  .  1 14 

HI  Ultraviolet  Absorption  Spectroscopy  138 

References .  151 

. 165 


IX 


Optical  Methods  of  Hydrocarbon  Analysis 

By  Norman  D.  Coggeshall,  Gulf  Research  and  Development  Co ., 


Pittsburgh ,  Pennsylvania 

I  Analysis  by  Infrared  Absorption .  108 

II  Analysis  by  Ilaman  Spectroscopy .  193 

III  Analysis  by  Ultraviolet  Absorption  Spectroscopy .  201 

References .  214 


Electrical  Properties  of  Hydrocarbons 

By  Andrew  Gemant,  The  Detroit  Edison  Company,  Detroit ,  Michigan 


I  Introduction .  215 

II  Electrical  Conductivity .  215 

III  Dielectric  Constant .  236 

IV  Dielectric  Strength .  238 

References . 239 


Solvent  Extraction  of  Hydrocarbons 
Solubility  Relations  between  Liquid  Hydrocarbons  and  other  Liquids 

By  Alfred  W.  Francis,  Socony -Vacuum  Laboratories,  Paulsboro,  New  Jersey 


I  Ternary  Diagrams .  243 

II  Compilation  of  Ternary  Systems .  266 

III  Binary  Systems .  269 

IV  Compilation  of  Critical  Solution  Temperatures .  270 

V  Lower  Critical  Solution  Temperatures .  301 

VI  Supersaturation .  303 

VII  Use  of  C.S.T.  in  Analysis .  304 

VIII  Miscibility  Relations .  305 

References .  305 


Solid-Liquid  Equilibria  of  Hydrocarbons 

By  M.  It.  Cines,  Phillips  Petroleum  Company,  Research  Department,  Bartlesville, 

Oklahoma 


Introduction . . 

I  Melting  Points,  Solid-Phase  Transitions  and  Associated  Heat  Effects 

II  Purity  of  Hydrocarbons  by  Melting  Point  Determination . 

Ill  Purification  by  Crystallization . 

References . 


315 

318 

334 

346 

360 


Chemical  Thermodynamic  Equilibria  among  Hydrocarbons 

By  Frederick  D.  Rossini,  National  Bureau  of  Standards,  II  ashington,  D.  C 


I  Elements  of  Chemical  Thermodynamics . 

II  Evaluation  of  Entropies . 

III  Evaluation  of  Heats  of  Formation.  . . 

IV  Evaluation  of  Free  Energies  of  Formation . 

V  Tables  of  Chemical  Thermodynamic  Data 

VI  Chemical  Equilibrium  among  Hydrocarbons  and 


References . 

Author  Index.  . 
Subject  Index.  . 


.  364 

.  371 

.  380 

.  385 

"  ’ .  386 

Related  Compounds. .  .  387 

.  432 

'  ’ .  435 

.  446 


x 


CHAPTER  1 

THE  CHEMICAL  BOND  IN  HYDROCARBON  MOLECULES 


By 

G.  W.  WHELAND 

Department  of  Chemistry,  University  of  Chicago,  Chicago,  Illinois 

CONTENTS 

.  Page 

I.  Historical .  1 

II.  Principles  of  Quantum  Mechanics .  6 

III.  Central-Field  Wave  Functions .  11 

IV.  Structures  of  Complex  Atoms .  15 

V.  The  Heitler-London  Treatment  of  the  Hydrogen  Molecule .  19 

VI.  The  Valence-Bond  Method .  23 

VII.  The  Molecular-Orbital  Method .  24 

^  HI-  Recapitulation  of  the  Quantum-Mechanical  Treatment  of  Valence  25 

IX.  Bond  Angles  and  the  Tetrahedral  Carbon  Atom .  30 

X.  The  Carbon-Carbon  Double  Bond .  35 

XI.  The  Carbon-Carbon  Triple  Bond .  00 

XII.  Strain  Theory .  ' 

XIII.  The  Theory  of  Resonance .  4o 

References . 

.  51 

I.  Historical* 

ihe  first  serious  attempt  to  explain  the  nature  of  chemical  valence  was 
contained  in  the  so-called  dmlistic  theory  of  Davy  and  Berzelius.  Accord¬ 
ing  to  this  theory,  which  held  the  field  early  in  the  nineteenth  century 
atoms  in  molecules  have  small  electric  charges,  by  virtue  of  which  they 
attract  or  repel  one  another.  However,  as  the  information  regarding  sub- 
s  itu bon  reactions  increased,  it  became  evident  that  an  atom  of  a  “nega- 
tive  element  like  chlorine  may  replace  an  atom  of  a  “positive”  element 
like  hydrogen  (in  a  suitably  chosen  molecule)  without  causing  anv  marked 
change  in  the  properties  of  the  compound.  The  dualistic  theory  "™" 

sZt3™  ’r  ‘n  SP'te  °f  the  vigorous  efforts  of  Berzelius  and  others  to 
t.  The  substitution  theory  which  succcrHnd  it  woo  1 
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the  most  nearly  complete  descriptions  possible,  each  valence  bond  is  repre¬ 
sented  merely  as  a  line.  No  attempt  is  made  to  explain  the  physical  sig¬ 
nificance  of  the  bond;  the  line  which  depicts  it  indicates  merely  a  special 
relation  (of  unstated  nature)  between  the  two  connected  atoms. 

The  structural  theory,  in  essentially  the  form  in  which  Kekule  left  it, 
still  provides  valid  interpretations  for  much  of  the  behavior  of  many  sub¬ 
stances.  It  is,  however,  not  fully  satisfactory,  for  it  not  only  ignores  the 
fundamental  problem  of  the  physical  nature  of  valence,  but  it  also  fails  to 
deal  with  some  additional  features  of  valence  that  will  be  discussed  in  the 
following  paragraphs.  In  the  course  of  the  last  eighty  years,  the  theory  has, 
accordingly,  been  considerably  extended  and  elaborated,  although  its  basic 
concepts  have  not  been  significantly  altered. 

The  first  important  extension  of  the  structural  theory  was  made  largely 
by  van’t  Hoff  (2)  and  by  Le  Bel  (3),  whose  independent,  but  practically 
simultaneous,  investigations  opened  the  field  now  known  as  stereochemistry. 
This  elaboration  of  the  theory  gave  three-dimensional  significance  to  the 
structural  diagrams  by  assigning  directions  in  space  to  the  various  valence 
bonds  (or,  more  precisely,  by  assigning  values  to  the  angles  between  the 
pairs  of  valence  bonds  ending  in  the  same  multivalent  atom).  Somewhat 
later,  by  Werner’s  idea  ol  coordination  (4),  the  structural  theory  was  ex¬ 
tended  to  a  large  group  of  complex  (mostly  inorganic)  substances,  the  so- 
called  coordination  compounds,  which  had  not  previously  been  included 
within  the  structural  scheme.  Neither  the  theory  of  stereochemistry  nor 
that  of  coordination,  however,  shed  any  further  light  upon  the  nature  ot 
the  valence  bond,  which  remained,  as  before,  an  undefined  concept,  repre¬ 
sented  by  a  line.  Moreover,  the  reasons  for  the  empirically  observed 
quadriv alence  of  carbon,  wmvalence  of  hydrogen,  and  so  on,  were  as  mys¬ 


terious  as  ever. 

With  the  development  of  the  electronic  theory  of  valence  (o)  the  source 
of  the  forces  responsible  for  covalent  bonds  began  to  become  apparent. 
Although,  in  a  certain  sense,  this  new  theory  merely  replaced  each  valence 
line  in  a  structural  formula  by  a  pair  of  dots,  it  went  much  further  than  its 
predecessor  had  gone,  since  it  assigned  a  physical  significance  to  the  symbols 
(i  e  the  dots)  employed.  Thus,  the  electronic  structure  I  of  hydrogen  sug- 
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zests  in  a  way  in  which  its  older  analog  II  does  not,  that  a  pair  of  electrons 
tends,  at  1<J  on  the  average,  to  occupy  the  region  between  the  two  pro¬ 
tons  and  hence  to  be  shared  by  the  two  atoms.  At  one  time  Lewis  propt  s  <1 
that’ the  magnetic  interaction  between  the  two  electrons  involved  in  a  co¬ 
valent  bond  might  be  responsible  for  the  valence  force.  It  was  soon  leal.zed, 
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however,  that  such  an  interaction,  although  it  doubtless  exists,  is  much  too 
small  to  account  for  more  than  a  minute  fraction  ol  the  total  strength  of 
the  bond.  Accordingly,  an  alternative  view  was  accepted;  it  was  concluded 
that  the  electrostatic  attraction  between  the  two  negatively  charged  valence 
electrons  and  the  two  positively  charged  atomic  kernels  is  the  major  factor 
leading  to  the  formation  of  a  stable  covalent  bond. 

That  such  an  interaction  does  indeed  account  for  the  existence  of  a  bond 
may  be  shown  in  the  following  way.  The  potential  energy  E\  of  electrostatic 

- r - ~©~ - 00 - ~©^ - r— "~© 

Fig.  1.  A  model  of  two  isolated  atoms  with  one  valence  electron  each. 


h  ig.  2.  A  model  of  a  molecule 


formed  from  the  “atoms”  of  Fig.  1. 


interaction  between  an  atomic  kernel  of  charge  +e  and  an  electron  of  charge 
e,  separated  by  a  distance  r,  is  shown  by  Coulomb’s  law  to  be 


E,  =  -i/r 


(1) 


Smce  the  poten  ml  energy  of  a  second  and  exactly  similar  system  is  also 
the  total  potential  energy  of  the  two  systems,  when  distant  from  one 
another  (as  m  Fig.  1),  ,s  2 Eh  or  -2 t/r.  But,  if  the  two  systems  approach 
each  other  so  that  they  interact,  the  total  potential  energy  changes  In 

. . -  X& 


E 2  =  —  (4e2/r)  +  (2  i/ry/%  =  -2.5 
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Here,  the  decrease  in  total  potential  energy  (caused  by  the  interaction  of 
the  two  original  systems)  is 

A  E  =  2  Ei  —  E*  =  0.586e2/r  (3) 

If  r  is  assigned  the  value  1.0  A.  (1.0  angstrom  unit,  or  1.0  X  1(T8  cm.,  which 
is  the  order  of  magnitude  of  atomic  and  molecular  dimensions),  then,  since 
e  is  approximately  equal  to  4.80  X  10  10  electrostatic  units  of  charge 
(e.s.u.),  A E  is  about  1.35  X  10  11  erg,  or  about  190  kcal.  for  a  “mole”  of 
the  combined  systems  depicted  in  Fig.  2.  If  the  independent  systems  of 
Fig.  1  are  accepted  as  models  of  two  isolated  atoms  with  one  valence 
electron  each,  and  if  the  combined  system  of  Fig.  2  is  accepted  as  a  model 
of  a  molecule  formed  from  these  two  “atoms,”  the  origin  of  the  “bond  ”  in 
the  “molecule”  is  evident. 

The  preceding  treatment  is,  of  course,  grossly  oversimplified  since  it  is 
based  on  the  certainly  incorrect  assumption  that  the  electrons  can  be  treated 
as  if  they  were  definitely  localized,  and  since  it  ignores  the  kinetic  energies 
of  the  particles  involved.  Moreover,  there  is  no  reason  to  assume  that  the 
distances  r  in  Figs.  1  and  2  must  be  equal,  although  these  distances  are 
probably  of  the  same  order  of  magnitude.  Nevertheless,  the  calculation  is 
of  interest  since  it  shows,  though  only  very  crudely,  that  the  electrostatic 
interactions  between  the  electrons  and  the  atomic  kernels  can  lead  to  the 
formation  of  a  stable  bond  if  the  electrons  are  concentrated  in  the  region 
between  the  kernels  (i.e.,  if  they  are  shared  by  the  atoms).  Moreover,  it  is 
significant  that  the  calculated  “bond  energy”  A E  is  of  the  right  order  of 
magnitude,  for  this  fact  shows  the  superiority  of  the  electrostatic  interpreta¬ 
tion  over  the  earlier  view  that  covalent  bonds  result  from  the  much  weaker 
magnetic  interactions.  (Actually,  the  A E  here  calculated  is  probably  more 
than  twice  too  large,  since  the  energies  of  most  single  bonds  lie  between  50 
and  100  kcal.  per  mole.  However,  either  increase  in  the  “bond  length” 
r\/2  or  inclusion  of  the  neglected  kinetic  energies,  or  both,  would  reduce 
the  calculated  value  of  A E.) 

The  electronic  theory  of  valence  not  only  describes  satisfactorily  the 
forces  responsible  for  covalent  bonds,  but  also  leads  to  an  understanding  of 
electrovalence  and  of  Werner’s  coordinate  bonds.  Moreover,  it  also  accounts 
for  the  observed  values  of  the  valences  of  the  various  elements.  Thus,  for 
example,  the  ionic  valence  in  potassium  chloride  is  formed  by  the  transfer 
of  an  electron  from  the  potassium  to  the  chlorine  atom.  The  two  resulting 
ions,  each  of  which  has  the  specially  stable  electronic  “configuration”  (see 
p.  18)  of  an  atom  of  the  rare  gas  argon,  are  then  attracted  to  each  other  by 
essentially  the  same  sort  of  electrostatic  force  postulated  in  the  duahstic 
theory  of  Davy  and  Berzelius.  The  coordinate  bond  between  the  cobalt 
atom  and  any  one  of  the  nitrogen  atoms  in  the  hexamminocobaltic  ion 
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[Co(NH3)6]+++  is  formed  by  the  sharing  of  two  electrons,  both  of  which 
come  from  the  molecule  of  ammonia.  Finally,  the  inability  of  an  atom  of 
hydrogen  to  form  more  than  one  covalent  bond,  and  the  inability  ol  an 
atom  of  any  element  in  the  first  row  of  the  periodic  table  to  form  more  than 
four  such  bonds,  are  likewise  nicely  explained;  the  reason  foi  these  restric- 
tions  is  that  a  hydrogen  atom  completes  its  valence  shell  with  two  electrons 
(as  in  the  rare  gas  helium),  whereas  an  atom  of  any  first-row  element  com¬ 
pletes  its  valence  shell  with  eight  electrons  (as  in  the  rare  gas  neon).  In  all 
these  instances,  the  relative  ease  with  which  an  atom  goes  over  to  the 
specially  stable  electronic  configuration  of  a  rare  gas  plays  an  essential 
role  in  compound  formation. 

The  electronic  theory  thus  accounts  for  the  existence  of  valence  forces, 
correlates  the  earlier  theories  mentioned  above,  and  interprets  the  observed 
values  of  the  valences  of  the  various  elements.  It  is,  however,  still  not  fully 
satisfactory  since  it  leaves  a  number  of  questions  unanswered.  For  instance, 
although  it  relates  the  saturation  of  valence  to  the  completeness  of  the 
valence  shells  in  the  rare  gases,  it  does  not  explain  why  these  shells  become 
complete  just  when  they  do,  nor  even  why  they  should  ever  become  com¬ 
plete  at  all.  Moreover,  it  adds  little,  if  anything,  to  the  chemists’  under¬ 
standing  of  stereochemistry,  in  spite  of  several  ingenious  attempts  to 
squeeze  stereochemical  interpretations  out  of  it.  And  finally,  the  picture 
of  the  covalent  bond  which  it  presents  is  unsatisfactory  in  several  respects, 
in  particular,  although  the  discussion  just  given  leads  to  a  reasonable 
qualitative  interpretation  of  the  covalent  forces,  it  suggests  no  practical  way 
to  calculate  quantitatively  the  energies,  or  any  other  properties,  of  covalent 
bonds.  Only  with  the  development  of  quantum  mechanics  has  this  last 
difficulty  been  overcome,  so  that  a  more  satisfactory  quantitative  treatment 
ot  valence  is  now  possible.  Although  the  mathematical  complexities  of  the 
equations  involved  in  the  quantum-mechanical  method  (cf.  the  following 
sections)  have  so  far  prevented  precise  numerical  calculations  for  anv 
molecule  larger  than  that  of  hydrogen,  H2,  the  techniques  now  in  principle 

available  appear  to  provide  very  nearly,  if  not  quite,  the  complete  solution 
for  the  problem  of  valence. 


are  of  sufficient  interest  to  merit  a  brief 
he  molecule”  of  Fig.  2  becomes  smaller, 
ctron  (i.e.,  the  region  between  the  two 


6 


G.  AV.  AArHELAND 


kernels)  decreases.  According  to  the  so-called  uncertainty  'principle  (6),  this 
process  requires  an  increase  in  the  kinetic  energy.  Consequently,  although 
the  potential  energy  continues  to  decrease  Avithout  limit  as  the  “molecule” 
shrinks,  the  system  finally  reaches  a  critical  size  where,  Avith  any  further 
contraction,  the  kinetic  energy  rises  faster  than  the  potential  energy  falls. 
This  critical  size  corresponds  to  the  loAvest  possible  value  of  the  still  finite 
total  energy,  and  hence  represents  the  true  size  of  the  molecule. 

The  quantum-mechanical  interpretation  of  valence  not  only  shows  the 
Avay  to  make  valid  quantitative  calculations  of  bond  energies  and  bond 
lengths;  it  also  supplements  the  electronic  theory  in  still  other  respects  in 
Avhich  the  latter  is  knoAvn  to  be  inadequate.  For  example,  it  accounts  for 
the  saturation  of  valence  and  for  the  stereochemical  properties  of  covalent 
bonds.  Moreover,  it  leads  directly  to  the  theory  of  resonance  and  thus, 
by  introducing  a  more  general  concept  of  valence,  throws  light  for  the  first 
time  on  several  puzzling  aspects  of  chemistry,  such  as  the  characteristic 
and  unexpected  properties  of  aromatic  substances.  The  remainder  of  this 
chapter  will  be  devoted  to  discussions  of  these  aspects  of  quantum  mechan¬ 
ics. 


II.  Principles  of  Quantum  Mechanics  (7) 

In  this  section,  and  in  the  immediately  following  ones,  the  quantum- 
mechanical  treatment  of  \Talence  will  be  outlined  briefly.  Unfortunately,  but 
unavoidably,  the  discussion  will  be  rather  mathematical;  in  particular,  it 
Avill  involve  a  large  number  of  more  or  less  complicated  equations.  HoAvever, 
any  reader  Avho  does  not  Avish  to  follow  the  logical  development  of  the 
theory,  and  Avho  is  principally  interested  in  the  final  conclusions  reached, 
may  skip  these  sections  and  proceed  directly  to  the  section  entitled  Re¬ 
capitulation  of  the  Quantum-Mechanical  Treatment  of  Valence  (p.  25). 

The  quantum-mechanical  description  of  any  atom  or  molecule  is  con¬ 
tained  in  its  so-called  wave  function,  proper  function,  or  eigenfunction.  (The 
three  expressions  are  synonymous.)  This  function  is  obtainable  in  prm- 
ciple,  though  usually  not  in  practice,  by  the  solution  of  a  certain  partial 
differential  equation  (known  as  the  wave  equation  or  Schrodinger  equation), 
which  assumes  a  characteristic  form  for  each  different  kind  of  atom  or 
molecule.  (For  more  specific  descriptions  of  such  Avave  equations,  see  below.) 

\1  though  the  Avave  equations  can  rarely  be  solved  rigorously  by  methods 
now  known,  approximate  solutions  can  frequently  be  obtained  by  the  aid 
of  suitable  simplifying  assumptions.  The  first,  and  least  drastic,  o:  esc 

assumptions  is  that  the  complete  wave  function  of  any  system  can  be  ex¬ 
pressed  as  the  product  of  certain  simpler  functions,  each  of  which  is  itself 
the  solution  of  its  own  simpler  (and  usually  only  approximate)  wave  equa¬ 
tion  One  of  these  simpler  functions  involves  the  time  as  its  only  variable. 
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Besides  this  function,  there  are  four  others,  of  which  the  first  refers  to  the 
translational  motion  of  the  center  of  gravity  of  the  system;  the  second 
(involved  only  in  systems  containing  two  or  more  atoms)  refers  to  the  lota- 
tion  of  the  molecule  as  a  rigid  body;  the  third  (likewise  involved  only  in 
systems  containing  two  or  more  atoms)  refers  to  the  vibrations  of  the  atoms 
about  their  positions  of  minimum  potential  energy;  and  the  fourth  refers  to 
the  motions  of  the  electrons  in  the  electromagnetic  field  produced  by  the 
electrons  themselves  and  by  the  atomic  nuclei,  here  supposed  to  be  sta¬ 
tionary.  When  the  indicated  method  of  approximating  wave  functions  is 
adopted,  the  total  energy  of  the  system  in  question  is  expressed  as  the  sum 
of  a  translational,  a  rotational,  a  vibrational,  and  an  electronic  energy,  re¬ 
lated,  respectively,  to  the  four  types  of  motion  just  listed  (8). 

Although  all  five  (or,  in  a  monatomic  system,  all  three)  of  the  above  func¬ 
tions  are  essential  for  the  complete  wave  function  of  the  system,  only  the 
last  one  (the  so-called  electronic  wave  f  unction )  is  of  sufficient  importance  in 
the  treatment  of  valence  to  be  discussed  here  in  any  detail.  If  the  compara¬ 
tively  minute  magnetic  interactions  and  relativistic  corrections  are  ignored 
(as  is  usual  in  discussions  of  molecular  structure),  the  approximate  wave 
equation  satisfied  by  the  electronic  wave  function  is  expressed  in  the  general 
form 


Hi  =  - 


+  Vi  =  Wi 


(4) 


The  symbols  here  used  have  the  following  meanings:  H  is  the  Hamiltonian 
operator  which  (as  is  indicated  by  the  use,  at  the  left,  of  the  identity  sign 
=  instead  of  the  equality  sign  =)  is  defined  in  the  equation  itself;  h  is 
Planck’s  constant  (approximately  equal  to  6.6  X  1(T27  erg  sec.);  andm  is 
the  mass  of  an  electron.  The  wave  function  i  is  a  function  not  only  of  the 
three  cartesian  coordinates  xh  yh  and  zy  of  each  electron  j,  but  also  of  the 
spin  coordinate  a,-  of  each  electron  (see  below).  The  summation  over  j  in¬ 
cludes  all  the  electrons  in  the  atom  or  molecule.  Moreover,  W  is  a  constant 
with  the  dimensions  of  energy;  it  is  equal  to  the  electronic  energy  (see  the 
preceding  paragraph)  of  the  system  described  by  the  function  i  Finally 
V  18  the  Potential  energy  which,  in  field-free  space,  assumes  the  form  * 


V  ?  S  6  //?>  +  ZaZb^ITab  -  ^  T,  e~/riA  (5) 

nJewlZTS-™'  e  mafLtUde  °f  the  electro™  charge  (approxi- 
J th 4i°  XA  V.  es  u  );  Za  and  Zb  are  respectively,  the  atomic  numbers 
f  the  A  th  and  fith  atoms;  rit  is  the  distance  between  the  jth  and  fcth  elec 

ons,  r,„  is  the  distance  between  thejth  electron  and  the  nucleus  of  the 
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A th  atom;  and  rAH  is  the  distance  between  the  nuclei  of  the  Ath  and  Bth 
atoms.  As  stated  above,  the  nuclei  are  here  considered  to  be  stationary 
and  hence  precisely  located  at  points  in  space  which  are  fully  defined  with 
respect  to  one  another.  Clearly,  the  first  term  on  the  right  of  equation  5 
corresponds  to  the  electrostatic  interaction  among  the  electrons;  the  second 
corresponds  to  that  among  the  atomic  nuclei;  and  the  third  corresponds  to 
that  between  the  electrons  and  the  nuclei. 

In  equation  4,  the  Hamiltonian  operator,  wave  function,  and  energy 
ought  strictly  to  be  designated,  respectively,  by  the  symbols  //,. iec ,  r/'eiec , 
and  W eiec ,  where  the  subscripts  indicate  that  the  various  quantities  refer 
to  the  approximate  electronic,  and  not  to  the  complete,  wave  equation. 
The  simpler  expressions  //,  \J/,  and  W  will  be  used,  however,  throughout  this 
chapter,  since  they  cannot  here  give  rise  to  any  confusion. 

A  wave  function  in  order  that  it  may  have  the  physical  significance 
assigned  to  it  below,  must  satisfy  certain  other  mathematical  conditions 
besides  the  one  that  it  be  a  solution  of  the  wave  equation  4.  In  the  first  place, 
\p  and  its  first  derivative  with  respect  to  each  of  the  spatial  coordinates  , 
yi ,  and  Zj  must  be  a  continuous  function  of  these  coordinates.  In  the  second 
place,  ^  must  be  single-valued.  In  the  third  place,  \Js  should  remain  finite  for 
all  sets  of  values  of  the  spatial  coordinates;  at  worst,  it  may  become  infinite 
ordy  for  isolated  sets  of  values,  and  then  only  provided  that  certain  further 
conditions  (not  here  described)  are  satisfied.  Finally,  i  must  have  the  cor¬ 
rect  symmetry  'properties  with  respect  to  permutations  of  the  electrons.  rl  hus, 
in  if  all  four  coordinates  of  the  j'th  electron  (i.e.,  the  three  spatial  coordi¬ 
nates  Xj ,  yj ,  and  z, ,  and  the  one  spin  coordinate  <r3)  are  replaced  by  the 
corresponding  coordinates  of  the  kth  electron,  and  vice  versa,  the  resulting 
function  must  be  ident  ically  equal  to  —  i p.  This  rule,  which  contains  the  most 
general  statement  of  the  so-called  Pauli  exclusion  principle ,  is  frequently 
expressed  in  an  equivalent  form  by  the  statement  that  an  acceptable  wave 
function  must  be  completely  antisymmetric  with  respect  to  interchanges  of 
the  electrons.  Later  in  this  chapter,  the  significance  of  these  rather  abstract 
symmetry  considerations  will  be  more  fully  explained. 

In  the  complete  wave  function,  of  which  the  electronic  function  discussed 
here  is  only  one  factor,  analogous  rules  apply  also  to  the  intei changes  of  the 
coordinates  of  equivalent  atomic  nuclei.  These  rules  turn  out,  however,  to  be 
relatively  unimportant  in  the  discussion  of  valence;  hence  they  need  not  be 


stated  here. 

Investigation  of  the  mathematical  form  of  the  wave  equation  4  lias  shown 
that  in  general,  this  equation  can  have  a  solution  \f/  which  satisfies  all  the 
conditions  stated  above,  only  if  the  constant  W  (i.e.,  the  electronic  energy) 
is  one  of  a  specified  set  of  values  known  as  the  proper  values  or  eigenvalues 
of  the  equation.  Consequently,  since  any  atom  or  molecule  must  be  descnb- 
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able  by  a  wave  function  \p  which  is  a  solution  of  equation  4,  it  follows  that 
the  eigenvalues  represent  the  only  permissible  values  for  the  elect  ionic 
energy  of  the  system.  Accordingly,  the  lowest  eigenvalue  is  equal  to  the 
electronic  energy  of  the  atom  or  molecule  in  its  most  stable  state.  Deter- 
mining  the  eigenvalues  of  any  wave  equation  is  essentially  equivalent  to 
solving  that  equation. 

The  wave  function  \p  of  an  atom  or  molecule  in  any  given  state  is  impoi- 
tant  not  only  because  of  the  relation  (equation  4)  between  it  and  the  corre¬ 
sponding  eigenvalue,  but  also  because  of  its  direct  physical  significance; 
indeed,  with  its  aid,  many  properties  of  the  system  besides  the  energy  can 
be  calculated.  For  example,  if  \p  is  the  wave  function  of  any  given  atom  or 
molecule,  and  if  \p*  is  the  complex  conjugate  of  \p  (i.e.,  the  function  obtained 
from  \p  by  the  replacement  of  the  imaginary  unit  i,  wherever  it  occurs,  by 
—i,  and  vice  versa)  the  product  which  is  a  function  of  the  spatial  and 
spin  coordinates  of  all  the  electrons,  is  necessarily  real ;  and  it  must  have  a 
nonnegative  value  no  matter  how  the  values  of  the  coordinates  are  chosen. 
Moreover,  if  \p*\p  is  integrated  (or,  more  precisely,  summed)  over  all  the 
permissible  values  of  the  spin  coordinates  of  all  the  electrons,  the  resulting 
function 

Q  =  Z  •  •  •  E  Vi  (6) 

ai  <q> 

is  a  function  of  the  spatial  coordinates  alone  and  is,  like  \p*\p  itself,  real  and 
nonnegative.  (In  the  identity  0,  p  is  the  total  number  of  electrons  in  the 
system.)  The  physical  significance  of  Q,  and  hence  also  that  of  the  original 
function  yp,  follows  from  the  fundamental  postulate  that  the  quantity  Qdr, 
defined  by  the  identity 


Qdr  =  Qdxidyidzidx2  •  •  •  dypdzt 


(7) 


is  proportional  to  the  probability  that  an  experiment  carried  out  upon  the 
system  in  the  state  described  by  p  will  find  that  system  in  the  volume  ele¬ 
ment  dr.  In  other  words,  the  postulate  in  question  states  that  Qdr  is  pro¬ 
portional  to  the  probability  that  the  experiment  will  show  the  coordinates 
of  the  first  electron  to  lie  between  Xl  ,yljZl  and  aq  +  dXl ,  Vl  +  dyx ,  Zl  +  dzx 
respectively;  those  of  the  second  electron  to  lie  between  x2 ,  y2 ,  Z2’and  + 

dx2  ’  2/2  +  dy 2  ’  22  +  dz*  >  respectively;  and  so  on  for  all  p  electrons  If  the 
integral 


r+°°  /■+«  r+<x> 

/si  /  •••  / 


Qdxidyidzidx2  •  •  •  dypdz% 


(8) 


expression  TT*  ^  to  be  normalized-,  then  the 

expression  Qdr  is  equal  to,  and  not  merely  proportional  to,  the  probability 
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referred  to  above.  The  wave  functions  mentioned  hereafter  will  in  most 
instances  be  considered  to  be  normalized.  Analogous,  but  usually  more  com¬ 
plicated,  mathematical  procedures  are  available  for  calculating  the  proba¬ 
bility  of  obtaining  a  specified  result  in  any  further  type  of  experiment,  where 
some  property  of  the  system  other  than  the  positions  of  its  particles  is  under 
investigation. 

In  the  quantum-mechanical  treatment  of  valence  the  principles  just  out¬ 
lined  are  applied  as  follows.  First,  the  wave  equations  for  the  various  indi¬ 
vidual  (i.e.,  isolated)  atoms  are  solved.  The  lowest  eigenvalue  of  each  equa¬ 
tion  gives  the  energy  of  the  corresponding  atom  in  its  most  stable  (i.e., 
ground)  state.  Next,  the  wave  equation  for  the  molecule  is  solved;  in  this 
latter  step,  as  has  been  emphasized  above,  the  various  atomic  nuclei  are 
considered  to  be  at  certain  positions,  definitely  fixed  with  respect  to  one 
another.  The  lowest  eigenvalue  found  then  gives  the  energy  which  the 
molecule  in  its  ground  electronic  state  would  have  if  the  nuclei  could 
actually  be  held  in  the  assumed  fixed  relat  ive  positions.  If  such  a  calculation 
is  performed  for  each  of  several  different  sets  of  nuclear  positions,  the  de¬ 
pendence  of  the  lowest  eigenvalue  upon  these  positions  can  be  determined. 
Obviously,  the  particular  set  of  nuclear  positions  for  which  this  lowest  eigen¬ 
value  is  a  minimum  must  correspond  (aside  from  the  small  effect  of  the 
ignored  vibrations)  to  the  true  size  and  shape  of  the  molecule  in  its  ground 
state.  The  treatment  therefore  gives  the  value  of  each  bond  length  and  bond 
angle.  Moreover,  the  amount  of  energy  liberated  when  the  molecule  is 
formed  from  isolated  atoms  (in  other  words,  the  sum  of  the  bond  energies, 
when  the  small  effects  due  to  translation,  rotation,  and  vibration  are  ne¬ 


glected)  can  be  obtained  by  subtracting  the  energy  of  the  molecule  from  the 
sum  of  the  energies  of  the  isolated  atoms. 

If  a  still  more  precise  value  of  the  total  energy  is  desired,  the  translational, 
rotational,  and  vibrational  energies  can  also  be  computed.  Thus,  for  any 
gaseous  substance,  whether  its  molecules  be  monatomic  or  polyatomic,  the 
translational  energy  is  equal  to  3RT/2.  ( R  is  the  gas  constant  and  T  is  the 
absolute  temperature.)  Moreover,  the  rotational  energy  can  be  taken  as  zero 
if  the  substance  is  monatomic;  as  RT  if  the  substance  is  composed  of  linear 
molecules;  or  as  3RT/2  if  it  is  composed  of  nonlinear  molecules.  (Some  sub¬ 
stances,  like  molecular  hydrogen,  deviate  considerably  irom  this  second  rule 
at  extremely  low  temperatures;  such  deviations  are,  however,  not  important 
for  any  hydrocarbon.)  Finally,  the  vibrational  energy  is  determined  by  the 
force  constants  for  bending  and  stretching;  these  constants  are  themselves 
determined  by  the  second  derivatives  of  the  electronic  energies  with  respect 


to  the  coordinates  of  the  nuclei. 

In  principle ,  therefore,  the  problem  ol  valence 


is  solved.  In  practice,  how- 
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ever,  purely  mathematical  difficulties  have  so  far  prevented  the  application 
of  the  procedure  outlined  to  any  except  the  very  simplest  molecules.  In  fact, 
the  most  complicated  molecule  so  far  treated  without  the  introduction  of 
further  and  still  more  drastic  simplifications,  is  that  of  hydrogen,  H2  (9), 
and  even  for  this  molecule,  the  simplified  wave  equation  4  has  not  been 
quite  rigorously  solved.  Thus,  quantum  mechanics  has  not  yet  fulfilled  its 
promise  to  provide  precise  answers  to  all  questions  concerning  valence  and 
molecular  structure.  Nevertheless,  by  the  introduction  of  additional  ap¬ 
proximations  and  simplifying  assumptions,  many  of  the  computations  can 
be  so  much  simplified  that  they  become  practicable.  The  results  of  such 
approximate  calculations,  although  quantitatively  of  little,  if  any,  validity, 
may  still  be  qualitatively  significant.  The  remainder  of  this  chapter  will 
accordingly  deal  largely  with  such  approximate  procedures. 

III.  Central-Field  Wave  Functions  (7) 

The  first  of  the  more  drastic  approximations  adopted  in  the  treatment  of 
atomic  and  molecular  structure  is  the  replacement  of  the  individual  electro¬ 
static  interactions  between  the  different  pairs  of  electrons  (i.e  ,  the  replace¬ 
ment  of  the  term  J^He2/rjk  of  equation  5)  by  the  sum  of  the  averaqe  inter- 

i  k  <  j 

actions  between  each  electron  and  all  the  remaining  electrons.  The  relatively 

rigorous  equation  5  is  therefore  replaced  by  the  much  more  approximate 
one 


^  ^  )Viizi)  +  ^2  % AZ Be  /r AB  —  Zx  e2/ryx  (9) 

i  a 

where  F; (a;,  ,  y,  ,  Zj)  represents  the  above-mentioned  average  interaction  of 
the  jth  electron  with  all  the  other  electrons.  Here,  evidently  V  (x  v  ■  z  ■)  is 
a  function  only  of  the  coordinates  of  thejth  electron.  The  meaning  of  this 
approximation  is  that  each  electron  is  considered  to  be  moving  as  if  alone  in 
the  potential  field  7,  -  E  Zj/ru  .  (The  second  term  on  the  right 

equation  9,  although  an  essential  part  of  the  Mai  potential  V  does  not 
chrcctly  affect  the  motion  of  thejth  electron.)  The  finer  details  of  theTnte- 
electronic  interactions  are  thus  ignored  -  in  particular  nn  non  .  •  ",  , 

..  j  >  Vj  >  zi)  of  equation  9  are  of  the  central  fioLi  r  .1 

they  are  spherically  svinmotrir-  7  centla,-tlelcI  ^Pe  (i.e.,  that 

•  -  1  and  are  thus  functions  only  of  the  distances 


12 


G.  W.  WHELAND 


ri  of  the  corresponding  electrons  from  the  one  nucleus  present).  The  elec 
tronic  wave  equation  4  then  assumes  the  form 


h 2 

87 r~m 


L*5  dr,  fr'  SrJ  +  r)  sin  »,  di,  [Sm  9<  T»t) 

1  d2i/'l  Ze2  ) 

+  r)  sin2  9,-  dtf]  + 


(10) 


in  which  the  cartesian  coordinates  x ,■ ,  yt ,  and  zy  (used  heretofore)  are 
transformed  into  spherical  polar  coordinates  ry ,  0y  ,  and  0y ,  with  the  nucleus 
at  the  origin.  (The  second  term  on  the  right  of  equation  9  does  not  enter 
here  since  there  is  only  one  nucleus;  the  third  term  reduces  to  merely 
-2>7  rj .)  The  state  of  each  individual  electron  in  the  atom  can  then  be 

i 

approximately  described  by  some  one  solution  1 pnimim,{j)  of  the  one-electron 
wave  equation 

h2  f  1  d  r  o  ( j) 


H\J/ n  lm im s(  j)  —  2  | 

87 r  m  { r 


1  d  f  2  d\f/nimin 
r)  dr j  L  dry 

+  ^4 -  ~  [ sin  0; 

r2  sin  6 j  d0y  [_  d0y 


afy 


nlmim 


,(.7)1 


2  •  2  „ 
ry  sin  0y 


e<t>; 


(ID 


ry  ! 

Ze 


fJ  (s 

H-  ^  >0  /)^Anim/ms(  j)  ^'nimjma0')  UTi1/' n/mjmjO') 


Here,  the  symbol  (j)  represents  the  complete  set  of  four  coordinates  ry ,  0y , 
<£y ,  and  ay  of  thejth  electron;  the  significance  of  the  subscripts  n,  £,  mt ,  and 
ms  is  explained  below. 

Since,  ordinarily,  the  explicit  form  of  the  potential  Fy(ry)  is  not  known, 
usually  no  complete  solution  of  equation  11  can  be  obtained.  Nevertheless, 
several  important  properties  of  all  the  solutions  can  be  derived  from  certain 
general  characteristics  of  the  equation.  Thus,  from  the  fact  that,  in  this 
equation,  the  spin  coordinate  a y  occurs  only  in  the  solution  \p nimims(j )  itself, 
and  from  the  further  fact  that  the  potential  Fy(ry)  -  Ze2/ry  is  spherically 
symmetric,  it  follows  that  the  solution  can  be  expressed  as  the  product  of 
four  factors 

^ nlmims{j )  =  0  2) 

The  first  of  these  factors,  #„,(ry),  is  a  function  of  only  the  radial  coordinate 
r  j  ;  the  second,  @imj(0y),  is  a  function  of  only  the  angular  coordinate  0y  ;  the 
third,  is  a  function  of  only  the  remaining  angular  coordinate  </>y  ; 

and  the  fourth,  Om>(o-y)  is  a  function  of  only  the  spin  coordinate  <ry .  The 
complete  function  \{/ nimims(j )  depends  not  only  on  the  four  independent  vaii- 
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ables  r  ■  e  <*, ,  and  c, ,  but  also  upon  four  constant  and  m,  .which 

are^  known,'  respectively ,  as  the  principal,  azimuthal,  magnet.c,  and  spin 
quantum  numbers ;  these  constants  are  restricted  to  the  following  values. 


n  =  1,  2,  3,  •  •  • 
l  =  0,  1,  2,  •  •  •  (n  -  1) 
mi  =  0,  dbl,  ±2,  •  •  •  zk-l 
m„  =  ±(1/2) 


(13) 

(14) 

(15) 

(16) 


Since  the  eigenvalues  Wni  of  equation  11  do  not  depend  upon  the  quantum 
numbers  mi  and  ms  ,  and  since,  for  any  specified  pair  of  values  of  n  and  l, 
several  choices  of  mt  and  ms  are  usually  permitted  by  equations  13-16,  it 
follows  that  more  than  one  function  * nimims(j )  may  correspond  to  the  same 
energy  Wni .  Such  functions  of  equal  energy  are  said  to  be  degenerate.  An 
important  property  of  the  degenerate  solutions  of  equation  1 1  is  that  any 
linear  combination  of  these  solutions  is  also  a  solution,  thus,  the  most  gen¬ 
eral  solution  of  equation  1 1  is  expressed  in  the  form 

'//nl(j)  =  a,mims'4/nlmims(j )  (lO 

mi  ms 

where  the  a’s  are  arbitrary  constants.  (There  is  here  no  summation  over  n 
or  l,  because  functions  which  differ  with  respect  to  n  or  l  are  usually  not 
degenerate.) 

The  spin-free  function  Xnimi  of  the  spatial  coordinates  of  a  single  electron 

Xnlmi  =  Rnl(r)@lmi(d)$mi(<l>)  (18) 

is  conveniently  referred  to  as  an  orbital.  Any  such  orbital  can  be  specified 
completely,  as  shown  above,  by  means  of  its  three  quantum  numbers  n,  l, 
and  m:  ;  or,  less  completely,  by  means  of  its  principal  quantum  number  n, 
together  with  the  letter  s,  p,  d,  f,  g,  •  •  •  when  the  value  of  the  azimuthal 
quantum  number  l  is,  respectively,  0,  1,  2,  3,  4,  •  •  •  .  Thus,  a  Is  orbital  is 
one  for  which  n  is  equal  to  1  and  l  is  equal  to  0;  a  3p  orbital  is  one  for  which 
n  is  equal  to  3  and  l  is  equal  to  1 ;  and  so  on.  Orbitals  with  n  equal  to  1 ,  2, 
3,  •  •  are  said  to  belong,  respectively,  to  the  K,  L,  M,  •  •  •  shells. 

Neither  the  function  Rni(r )  nor  the  value  of  the  energy  Wni  can  be  deter¬ 
mined  until  the  potential  V(r)  is  known.  Nevertheless,  in  any  given  atom, 
the  values  of  r  for  which  Rniir )  is  of  greatest  magnitude  always  increase  as 
either  n  or  l  increases.  Consequently,  in  view  of  the  relationship  (discussed 
above)  between  a  wave  function  and  the  probability  of  finding  the  corre¬ 
sponding  electron  at  any  given  place,  it  follows  that  the  smaller  the  value 
of  n  or  of  l  (or  of  both),  the  more  likely  is  the  electron  to  be  in  the  region 
near  the  nucleus.  Since  this  region  is  one  of  relatively  low  energy,  the  eigen- 
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value  Wni  must  increase  as  n  and  /  increase.  The  most  stable  orbital  is  there¬ 
fore  the  Is  one,  where  n  and  l  have  their  lowest  possible  values;  for  the  re¬ 
maining  orbitals,  the  order  of  decreasing  stability  is  2s,  2p,  3s,  •  •  •  .  In 
hydrocarbons,  only  the  orbitals  of  the  K  and  L  shells  are  important,  and 
so  no  reference  will  be  made  hereafter  to  orbitals  that  lie  outside  the  L  shell 
where  the  value  of  n  is  greater  than  2. 

The  angular  functions  @<m|(0)  and  $„,(<*>),  unlike  the  radial  function 
Rni(r),  can  be  obtained  by  solution  of  wave  equation  11.  The  resulting  orbi¬ 
tals  of  the  K  and  L  shells  can  be  put  in  the  following  forms. 


Is:  xioo  =  Rw(r)  (19) 

2s:  X200  =  #20  (r)  (20) 

X2ii  =  \/2/  2#2i  (r)sin  Oe*  (21) 

2p:  <jx2io  =  #2i(r)cos0  (22) 

[x2ii  =  \/2/ 2#2i  (r)sin  de~  (23) 


(In  equations  21  and  23,  the  letter  e  represents  the  logarithmic  base  2.718..., 
and  not,  as  heretofore,  the  magnitude  of  the  electronic  charge;  the  factors 
V2/2  are  introduced  for  purposes  of  normalization.)  In  the  treatment  of 
most,  but  not  all,  problems  of  molecular  structure,  it  has  been  found  con¬ 
venient  to  replace  the  complex  functions  X211  and  X21I  (which  contain  the 
imaginary  unit  i)  by  real  linear  combinations  of  them.  (The  use  of  the  linear 
combinations  is  permitted  here  since  X211  and  X211  are  degenerate.  See  above.) 
The  2 p  functions  of  equations  21-23  can  thus  be  recast  into  the  forms 


X2  px 

—  \/2/2(x2n  +  X2il)  — 

#2p(r)  r  sin0  cos^ 

= 

#2P(r)  x 

Xlpv 

=  —iy/  2/2(x2ii  —  X211) 

=  #2p(r)  r  sin0  sin <f> 

=  #2P(r)  y 

X2  pz 

=  X210  =  #2P(r)  rcos0  = 

#2P(r)  2 

where  the  function  #2p(r)  is  defined  by 


(24) 

(25) 

(26) 


#2p(r)  =  (l/r)#2i(r)  (27) 

The  three  2 p  functions  X2P*  ,  >  and  x2Pz  thus  become  completely  equiva¬ 

lent,  since  the  directions  corresponding  to  the  x-,  y -,  and  2-axes  are  them¬ 
selves  equivalent.  The  further  geometrical  significance  of  these  various 
orbitals  of  the  K  and  L  shells  will  be  discussed  later.  (See  pp.  30ff.) 

No  information  about  the  spin  functions  can  be  obtained  from 

wave  equation  11;  it  is  therefore  customary  to  treat  the  spin  in  a  purely 
formal  manner  and  to  define  the  two  possible  functions  a(<r)  and  /3(a)  by  the 

identities 


fti/2(<r)  =  «(<0 

fl-(i/2)  (<r)  =  (3(<r) 


(28) 

(29) 
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without  enquiring  further  into  the  functional  dependence  of  either  one  up 
the  coordinate  a.  Indeed,  the  only  properties  of  the  spin  functions  a  an  0 
which  need  be  mentioned  here  are  that  they  satisfy  the  normalization 

condition 


=  EW  =  1 


(30) 


and  the  so-called  orthogonality  condition 

=  0  (31) 

a 

An  electron  for  which  the  spin  quantum  number  ms  is  1/2,  and  to  which  the 
function  a  is  hence  assigned,  is  said  to  have  positive  spin;  one  for  which  the 
spin  quantum  number  ms  is  —(1/2),  and  to  which  the  function  (3  is  hence 
assigned,  is  said  to  have  negative  spin. 

A  brief  digression  into  the  nature  of  spin  is  here  in  order.  The  statement 
that  an  electron  has  a  spin  means  that  it  has  an  angular  momentum  of 
magnitude  hy/ 3/4tt  and  a  magnetic  moment  of  magnitude  eh\/3/ Otitic 
(where  c  is  the  velocity  of  light).  A  measurement  of  the  component  of  spin 
along  any  arbitrary  axis  (conventionally  taken  as  the  2-axis)  leads  to  one 
of  the  only  two  possible  results:  either  the  components  of  angular  momen¬ 
tum  and  of  magnetic  moment  are  found  to  be  h/Air  and  eh/^Tcmc,  respec¬ 
tively;  or  else  they  are  found  to  be  —h/ 47t  and  —  eh/4:Trmc,  respectively.  In 
the  former  event,  the  quantum  number  ms  is  equal  to  1  /2,  the  corresponding 
function  is  a,  and  the  spin  is  positive;  in  the  latter  event,  the  quantum 
number  ms  is  equal  to  —  (1/2),  the  corresponding  function  is  /3,  and  the  spin 
is  negative.  The  spin  coordinate  a ,  in  terms  of  which  a  and  /3  are  formally 
expressed,  has  no  classical  analog;  consequently,  no  attempt  is  here  made 
to  describe  it  more  precisely. 


IV.  Structures  of  Complex  Atoms  (7) 

When  the  simplified  wave  equations  10  and  11  (p.  12)  are  used,  the  first, 
approximation  \f/'  to  the  wave  function  of  a  single  complex  atom  (i.e.,  a 
single  atom  containing  two  or  more  electrons)  can  be  written 


r  = 


n  **f(i)  =  nXki(j)nkj(j) 


(32) 


wnere  the  one-electron  functions  and  the  orbitals  x»,  are  of  the  central- 
held  type.  The  subscript  represents  all  the  quantum  numbers  required  to 
specify  the  particular  function  (i.e.,  the  fctli)  associated  with  the  ith  elec- 
tron;  (j)  represents,  as  before,  all  the  coordinates  of  the  jth  electron  that  are 
involved  in  the  corresponding  function;  and  the  product  over  j  includes  all 
the  electrons  present.  For  example,  for  an  atom  containing  a  Is  electron 
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av  itli  positi\  e  spin  and  a  2pz  electron  with  negative  spin, 
to 


equation  32  reduces 


V  =  Xi.(l)a(l)x2p.(2)j8(2)  (33) 

It  each  of  the  one-electron  functions  Xk,-  in  equation  32  (or  33)  is  a  solution 
of  the  corresponding  one-electron  wave  equation  11,  the  product  then 
satisfies  the  very  approximate  wave  equation  10  for  the  entire  atom;  it  does 
not,  however,  satisfy  the  more  nearly  rigorous  equation  4  (p.  7). 

Fiom  the  rather  qualitative  vieAvpoint  here  adopted,  the  most  serious 
defect  of  the  simple  product  functions  defined  by  equation  32  is  that  such 
functions  cannot  obey  the  Pauli  exclusion  principle.  Thus,  the  operation  T 
of  interchanging  the  coordinates  of  the  two  electrons  involved  in  the  func¬ 
tion  \pr  of  equation  33  leads  to  the  function 

W  =  Xi«(2)a(2)x2j>*(l)0(l)  (34) 

which  is  not  identical  with  the  function  -\J/'  (cf.  equation  33).  However, 
since  the  functions  \p'  and  T\p '  are  mutually  degenerate  solutions  of  the 
corresponding  approximate  wave  equation  10,  any  linear  combination  of 
them  is  also  a  solution  of  that  equation.  Moreover,  the  particular  linear 
combination 

V  =  (1/2)V2 W  -  m  =  (1/2)V2[xi„(1)«(1)x2p,(2)/?(2) 

—  Xi»(2)a(2)x2P,(l)0(l)]  (35) 

does  satisfy  the  exclusion  principle,  since  the  interchange  T  of  the  two  elec¬ 
trons  changes  xp"  into 

W  =  (l/2)v/2r[x,.(l)a(l)X!p,(2)/J(2)  -  xi.(2)a(2)x.p,(l)0(l)]  (36) 

=  (l/2)^2[x.,(2)a(2)x.p.(l)/3(l)  -  xi.(l)a(l)x2p.(2)/3(2)]  =  ~r 

Consequently,  \ p"  is  satisfactory  as  a  second  approximation  to  the  correct 
Avave  function  of  the  atom. 

The  procedure  by  which  the  antisymmetric  function  \p"  of  equation  35 
Avas  obtained  from  the  simpler  function  \p'  of  equation  33  can  be  generalized. 
Thus,  the  function  xp'  of  equation  32  can  be  antisymmetrized  (i.e.,  made  anti¬ 
symmetric)  by  means  of  the  linear  combination 

*"  -  ^  ^  (37) 

Avhere  the  summation  over  P  includes  all  of  the  pi  permutations  ol  the  p 
electrons  among  the  one-electron  functions  \f/k .  The  symbol  (  —  1)  is  de¬ 
fined  as  equal  to  + 1  if  P  is  an  even  (or  positive)  permutation,  but  equal  to 
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_  1  if  P  is  an  odd  (or  negative)  permutation.  The  summation  of  equation  37 
can  be  written  in  the  form  of  a  determinant  with  p  rows  and  p  columns 


Va(l)  *i(2)  *  * '  h(p) 
*2(l)  ^2(2)  •  •  •  hip) 


iApU)  ^(2)  •  •  •  fP(p) 


(38) 


The  function  \p" ,  defined  by  either  of  the  two  equivalent  expressions  37  and 
38,  is  clearly  antisymmetric;  for  example,  the  interchange  in  \p"  of  all  four 
coordinates  of  any  one  electron  with  the  corresponding  four  coordinates  of 
any  other  electron  results  merely  in  the  interchange  of  two  columns  of  the 
determinant  38,  and  hence  merely  in  the  multiplication  of  \J/"  by  —  1.  More¬ 
over,  if  any  two  of  the  spin-orbit  functions  \pk  are  identical  (i.e.,  correspond 
to  the  same  set  of  four  quantum  numbers),  the  determinant  has  two  identi¬ 
cal  rows  and  is  therefore  equal  to  zero.  Since  such  a  vanishing  wave  function 
cannot  describe  any  actual  atom,  it  follows  that  no  two  electrons  in  any  one 
atom  can  have  the  same  set  of  four  quantum  numbers.  Two  electrons  can, 
of  course,  occupy  the  same  orbital  (i.e.,  have  the  same  values  of  n,  l,  and 
mi)  provided  that  they  have  different  spins  (i.e.,  have  different  values  of 
ms) ;  however,  no  more  than  two  electrons  can,  under  any  conditions,  occupy 
the  same  orbital,  since  only  the  two  values  +  (1/2)  and  —  (1/2)  are  possible 
for  ms .  The  last  two  sentences  express  the  Pauli  exclusion  principle  in  its 
simplest  and  most  familiar,  although  not  in  its  most  general,  form. 

The  way  in  which  electrons  may  be  assigned  to  orbitals  in  a  complex  atom 
will  now  be  discussed.  It  is  convenient  first  to  imagine  that  all  the  electrons 
of  the  neutral  atom  are  removed,  so  that  only  the  bare  nucleus  remains,  and 
then  to  consider  that  these  electrons  are  allowed  to  rejoin  the  atom  one  at  a 
time,  in  such  a  way  as  to  form  in  each  instance  the  combined  system  of  least 
possible  eneigy  (i.e.,  the  ground  state).  The  first  electron  will  occupy  the  Is 
orbital  since,  of  all  the  orbitals,  this  one  is  the  most  stable.  (See  above.)  The 
second  electron  with  spin  opposite  to  that  of  the  first,  also  enters  this  most 
stable  orbital.  The  K  shell  is  now  full;  hence  all  further  electrons  must  go 
into  outer,  and  therefore  less  stable,  shells.  The  third  and  fourth  electrons, 
with  opposite  spins,  must  accordingly  be  assigned  to  the  next  most  stable 
orbital,  2s.  The  fifth  to  tenth  electrons,  inclusive  (three  with  positive  and 
three  with  negative  spin),  must  be  assigned  to  the  three  different,  but  de¬ 
generate,  2p  orbitals.  Since  the  L  shell  is  now  also  full,  any  remaining  elec¬ 
trons  must  go  into  still  less  stable  shells.  This  process  of  building  up  the 
a  om  contmues  until  all  the  electrons  have  been  replaced;  it  leads,  in  a 
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manner  which  has  often  been  described  (10)  to  an  explanation  of  the  periodic 
table  of  the  chemical  elements. 

1  he  an  ay  in  which  the  quantum  numbers  n  and  /  have  been  assigned  to 
the  \  uiious  electrons  in  any  atom  is  described  by  the  so-called  configuration 
of  that  atom.  (This  use  of  the  word  “configuration”  is,  of  course,  unrelated 
to  that  of  the  same  word  in  stereochemistry.)  Thus,  a  hydrogen  atom  with  a 
single  Is  electron  is  said  to  have  the  configuration  Is;  a  helium  atom  with 
two  Is  electrons  is  said  to  have  the  configuration  Is";  a  carbon  atom  in  its 
ground  state,  with  two  Is  electrons,  two  2s  electrons,  and  two  2p  electrons, 
is  said  to  have  the  configuration  Is2  2s2  2/i2;  and  so  on.  It  is  to  be  noted  that, 
the  configuration  of  an  atom  does  not  in  general  define  its  state  completely. 
With  carbon,  for  example,  there  are  a  number  of  different  ways  in  which 
the  quantum  numbers  mt  and  m,  can  be  assigned  to  the  two  2p  electrons. 
Each  of  these  assignments  gives  rise  to  a  different  function  \ p"  (equations  37 
and  38).  When  the  method  just  described  is  used,  the  best  approximation  p 
to  the  correct  wave  function  is  usually  a  linear  combination  of  these  func¬ 
tions  p" .  However,  an  account  of  the  procedure  by  which  the  correct  com¬ 
bination  is  obtained  lies  outside  the  scope  of  this  chapter. 

In  addition  to  the  normal  atomic  configurations  referred  to  above,  excited 
configurations  are  also  possible.  Thus,  any  discussion  of  the  electronic  struc¬ 
tures  of  the  carbon  compounds  requires  consideration  of  the  less  stable 
configuration  Is2  2.s  2 p'!  of  the  carbon  atom,  where  one  of  the  2s  electrons 
of  the  normal  configuration  is  raised  to  the  2 p  level.  (See  p.  31.) 

The  energy  of  a  di-  or  polyelectronic  atom  cannot  be  obtained  by  addition 
of  those  eigenvalues  of  the  one-electron  wave  equation  11  (p.  12) 
which  correspond  to  the  occupied  orbitals.  Instead,  it  is  computed  from  the 
equation 


,-fco  r+x>  /.+» 

f  f  •  •  f  •  •  •  12  p*Hpdr 

rp  Jx i=—<x>  Jyi=—a o _ J zp=—x  a i  a 2 _ <^p _ 

J  p+°o  p+<»  /»+°° 

/  /  •••/  ZS-ZW* 

Jx  1= — 00  Jyi= — 00  "  Zp— — 00  a2  ap 


(39) 


w  here  E  is  the  approximate  energy  associated  with  the  approximate  atomic 
wave  function  i p,  set  up  in  the  manner  just  outlined.  Moreover,  p*  is,  as 
heretofore,  the  complex  conjugate  of  p;  and  lip  is  the  function  which  results 
from  the  operation  of  the  Hamiltonian  operator  II  (equation  4,  p.  7)  upon 
\p.  If  the  function  \ p  is  normalized  (equation  8,  p.  9),  the  denominator  ot 
the  fraction  in  equation  39  is  equal  to  unity.  Naturally,  the  nearer  xp  is  to 
the  correct  Nvave  function  of  the  atom,  the  nearer  is  E  to  the  correct  energy. 
(It  should  be  obvious  that,  if  xp  is  any  correct  solution  of  the  wave  equation, 
the  quantity  E  is  the  correct  energy  of  the  atom  in  the  corresponding  state.) 
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V.  The  Heitler-London  Treatment  of  the  Hydrogen 
Molecule  (7,  11,  12) 

The  concepts  developed  and  the  methods  described  in  the  above  fairly 
detailed  (but  still  far  from  complete)  discussion  of  the  quantum-mechanical 
treatment  of  atomic  structure  can  also  be  applied  to  the  similar  treatment  of 
molecular  structure.  The  first  calculation  of  the  energy  of  a  molecule  based 
upon  these  concepts  and  methods  was  that  carried  out  in  1927  by  Heitler 
and  London  (11)  for  the  hydrogen  molecule,  H2  .  Most  of  the  further  devel¬ 
opments  in  the  field  of  molecular  structure  may  be  regarded  as  elaborations 
based  upon  this  pioneering  calculation.  In  the  following  paragraphs,  the 
point  of  view  and  the  method  of  approach  differ  somewhat  from  the  ones 
adopted  by  Heitler  and  London;  the  underlying  principles,  however,  are 
the  same. 

In  a  system  composed  of  two  hydrogen  atoms  at  a  considerable  distance 
from  one  another,  each  electron  occupies  a  Is  orbital  about  one  of  the  two 
protons.  The  configuration  can  therefore  be  expressed  as  ls.4  lsB  ,  where  the 
subscripts  A  and  B  serve  to  distinguish  the  two  different  Is  orbitals  centered, 
respectively,  about  the  two  nuclei  A  and  B.  Moreover,  it  seems  reasonable 
to  suppose  that  the  system  may  still  be  described,  at  least  approximately, 
by  this  same  configuration  Is.*  lsB  ,  even  if  the  two  protons  are  allowed  to 
approach  to  the  distance  that  obtains  in  the  actual  molecule  H2  .  Conse¬ 
quently,  the  configuration  in  question  may  be  considered  valid  at  all  inter- 
nuclear  distances. 

In  the  configuration  1  sA  1  sB  ,  since  the  two  electrons  are  not  assigned  to 
the  same  orbital,  no  restriction  is  imposed  by  the  exclusion  principle  upon 
the  spin  quantum  numbers.  Consequently,  four  simple  product-functions 
’/'++  > ,^-+,  and  i pL_  may  be  set  up. 


’/'++  =  Xis.i(l)a(l)xufl(2)a(2)  (40) 

=  Xu,i(l)a(l)xi*fl(2)/3(2)  *  (41) 

=  xisx(l)^(l)xiss(2)o!(2)  (42) 

V—  =  xi^(1)/3(1)xisb(2)iS(2)  (43) 


(Cl.  equations  32  and  33.)  When  these  functions  are  antisymmetrized  (cf. 
equations  35,  37,  and  38),  they  assume,  respectively  the  forms  \p++  , d/1 
i-+  ,  and  . 


^++  =  ( V,2/2)[xi*yl(l)xisB(2)  —  xis^(2)xis«(l)]o;(l)a:(2) 

=  <  v'2  2 ) (xi, . f Da (1  )xi. ,, (2 )/3( 2)  -  Xi.x(2)a(2)xi,s(l)^(l)] 
f-+  =  (V2/2)[x„x(l)0(l)x„B(2)a(2)  -  xi.x(2)/3(2)xi„(l)a(l)l 
-  =  (v/2/2)[xi,.(1)x„b(2)  -  xi.a(2)xi„b(1)]0(1)/3(2) 


(44) 

(45) 

(46) 

(47) 
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The  correct  linear  combinations  of  these  last  four  functions  are  found  to  be 

^ t+  ^ ++  —  (V/2/2)[xisa(1)xisb(2)  —  xi«x(2)xi»B(l)]a(l)a(2)  (48) 

=  (\/2/2)[^_  +  *"+] 


(1/2)[xi*a(1)xi*b(2)  —  xi^(2)xi*«(l)][a(l)/3(2)  +  a(2)0(l)] 
=  =  (V2/2[xiSj1(1)xisB(2)  -  xi^(2)xis«(l)]d(l)/3(2) 


(49) 

m 


h  =  (V2/2)[t+_  -  +'1+] 

=  (1/2)[xisx(1)xi«b(2)  +  xi»a(2)xi,b(1)][<*(1)0(2)  —  <*(2)0(1)] 


(51) 


bince  the  three  functions  \f/t+  ,  \f/l0 ,  and  i/^_  have  the  same  space  factor 
[xi*a(1)xi«b(2)  —  xi.a(2)xi.b(1)],  and  differ  only  in  their  spin  factors,  they 
are  more  closely  related  to  one  another  than  they  are  to  the  fourth  function 
i/'s  •  Indeed,  it  can  be  shown  that  the  first  three  functions  represent  the  three 
components  ol  a  triplet  level.  In  other  words,  they  represent  three  degener¬ 
ate  states,  which  differ  from  one  another  only  with  respect  to  the  orientation 
in  space  of  the  resultant  spin  of  the  molecule  as  a  whole.  The  fourth  function 
i/'s ,  on  the  other  hand,  represents  the  one  and  only  component  of  a  singlet 
level,  where  the  spins  of  the  two  electrons  are  exactly  opposed,  so  that  their 
resultant  is  zero.  Thus,  the  essential  distinction  between  the  triplet  and 
singlet  levels  is  that,  in  the  former,  the  two  electrons  have  roughly  parallel 
spins  (or,  in  other  words,  are  unpaired ),  whereas,  in  the  latter,  the  electrons 
have  exactly  antiparallel  spins  (or,  in  other  words,  are  paired ). 

II  the  orbitals  xi *a  and  xi*b  are  assumed  to  have  the  same  form  as  the  Is 
orbital  of  an  isolated  hydrogen  atom  (for  which  the  wave  equation  can  be 
rigorously  solved),  the  approximate  energies  of  the  triplet  and  singlet  levels 
can  be  directly  computed.  The  calculations  in  question,  like  the  analogous 
ones  for#complex  atoms,  are  based  upon  equation  39,  save  for  the  fact  that 
II  now  represents  the  Hamiltonian  operator  (equation  4,  p.  7)  for  the 
entire  molecule  and  not  for  only  a  single  atom.  The  results  of  the  calculations 
(11)  are  shown  graphically  in  Fig.  3,  where  the  calculated  energies  E  of  the 
triplet  level  (curve  1)  and  of  the  singlet  level  (curve  2)  are  plotted  as  func¬ 
tions  of  the  internuclear  distance  rAH  .  The  horizontal  broken  line  corre¬ 
sponds  to  the  sum  of  the  energies  of  the  two  isolated  atoms.  (For  the  signifi¬ 
cance  of  curve  3,  see  below.)  The  triplet  curve  1,  since  it  lies  entirely  above 
the  horizontal  broken  line,  indicates  a  repulsion  between  the  two  atoms  at 
all  distances,  and  does  not  suggest  the  formation  of  a  stable  molecule;  this 
level  has  been  observed  spectroscopically,  and  has  been  shown  to  be  indeed 
“repulsive,”  as  predicted.  The  singlet  curve  2,  on  the  other  hand,  has  a 
minimum  where  rAB  is  equal  to  0.80  A.,  and  where  E  is  73  kcal.  per  mole  less 
than  the  energy  indicated  by  the  horizontal  broken  line.  This  singlet  curve, 
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therefore,  indicates  the  formation  of  a  stable  molecule  with  an  internuclear 
distance  of  0.80  A.  and  a  binding  energy  of  73  kcal.  per  mole.  (The  bond 
energy  at  0°  absolute  is  the  binding  energy  minus  the  “zero-point”  vibra¬ 
tional  energy.)  The  agreement  between  these  calculated  quantities  and  the 
observed  values  of  0.74  A.  and  109  kcal.  per  mole  is  as  good  as  can  be  ex¬ 
pected,  in  view  of  the  approximations  made  in  setting  up  the  function  \p3. 
This  agreement  has  been  considerably  improved  by  later  and  more  elaborate 
calculations  (13),  which  differ  from  the  one  here  outlined  in  that  the  orbitals 
Xis^i  and  xisb  are  replaced  by  other  and  more  complicated  expressions;  more¬ 
over,  almost  complete  agreement  with  experiment  has  been  achieved  by  a 
still  more  complicated  procedure  (9).  The  principles  underlying  this  last, 
most  satisfactory  calculation  are,  however,  too  elaborate  to  be  here  de- 


emulated  approximate  energies  E  of  the  triplet  level  frnrvp  n  nf 

tem  compose^o^two^ydro^n^jUoms^n^nerc^s'arG26^  ^  (c,urvc.3>  of  Ays- 
internuclear  distance  rAB  ’  eneigies  ai'e  given  as  functions  of  the 


scribed ;  moreover,  they  cannot  readily  be  generalized  and  applied  to  mole- 
et,  more  complicated  than  II..  Consequently,  the  earlier  and  less  precise 

,ess  dfCnbed  ab°Ve  wlU  be  used  instead-  This  treatment,  although 
variety  of  mokcules™'18  qUal'tatlVe  Conclusions  to  be  drawn  for  a  wide 

*«4^ 

earlier  in  this  chapter  (pp.  3 /.).  The  function  ^  (equaTion  SlTwhi  *7 

coordinates  of  both  electrons  corresn  ?  flT  est  ,magnl.tude  "'hen  the  spatial 

the  two  nuclei.  It  follows,  therefore  '  too"1?0 ”t  be‘Ween 

■"ore  bkely  to  be  found  in  that 
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charge  distribution  in  the  molecule  is  at  least  roughly  analogous  to  the  one 
shown  in  Fig.  2.  (In  one  sense,  Fig.  2  gives  a  better  charge  distribution  than 
does  the  approximate  function  for  that  figure  takes  explicit  account  of 
the  tendency  of  the  like-charged  electrons  to  repel  one  another,  whereas  the 
function  +s  does  not.  Indeed,  it  is  just  this  inadequacy  of  +s ,  or  of  any  other 
appi  oximate  function  set  up  in  a  similar  manner,  which  makes  such  a  func¬ 
tion  somewhat  unsatisfactory.  See  the  preceding  paragraph  and  also  Fig. 
10  on  p.  29.)  The  triplet  functions  \f/t+  ,  iA«o ,  and  \pt-  (equations  48-50),  on 
the  other  hand,  correspond  to  a  charge  distribution  such  that  the  electrons 
are  less  likely  to  be  found  in  the  region  between  the  nuclei  than  they  are  to 
be  found  elsewhere.  This  distribution  (represented  schematically  by  Fig.  4) 
results  in  a  strong  repulsion  between  the  atoms.  Moreover,  if  the  two  hydro¬ 
gen  atoms  in  the  molecule  did  not  in  any  way  affect  each  other,  so  that  each 
electron  remained  distributed  about  a  single  proton,  just  as  it  is  in  an  iso¬ 
lated  hydrogen  atom,  an  intermediate  situation  would  result;  the  electrons 
would  be  neither  concentrated  in,  nor  squeezed  out  of,  the  region  between 
the  nuclei.  The  (antisymmetric)  wave  function  would  then  be  one  of  the 

0  ©  ©  © 

Fig.  4.  A  model  of  the  repulsive  triplet  level  of  the  system  composed  of  two  hy¬ 
drogen  atoms. 


functions  \J/+-  and  \p-+  (equations  45  and  40),  and  the  approximate  energy 
E  would  be  that  shown  in  curve  3  of  Fig.  3.  Consequently,  the  major  factor 
responsible  for  the  formation  of  the  covalent  bond  is  the  redistribution  of 
the  average  charge,  caused  by  the  mutual  polarization  of  the  two  atoms. 

Although,  in  the  last  analysis,  the  existence  of  a  covalent  bond  in  the 
normal  (singlet)  level  of  the  hydrogen  molecule,  and  the  nonexistence  of 
such  a  bond  in  the  excited  (triplet)  level,  are  the  direct  results  of  the  respec¬ 
tive  average  distributions  of  electric  charge,  it  is  sometimes  convenient  to 
regard  the  situation  from  a  rather  different  point  of  view.  As  was  noted 
above,  the  covalent  bond  in  the  hydrogen  molecule  is  formed  when  the  two 
electrons  are  paired  with  each  other;  it  is  not  formed  when  the  electrons  are 
unpaired.  The  pairing  of  the  electrons  is  thus  a  necessary  condition  lor  the 
existence  of  such  a  bond.  Moreover,  since  very  few  molecules,  in  their 
normal  states,  possess  net  magnetic  moments  due  to  spin,  it  is  highly  prob¬ 
able  that  the  electrons  involved  in  practically  all  covalent  bonds  are  simi¬ 


larly  paired.  It  is  important,  however,  that  covalent  bonds  in  general  are 
not  due  in  some  mysterious  manner  to  the  pairing  per  se,  but  arise  from  the 
concentration  of  the  two  electrons  in  the  region  between  the  nuclei— a  con¬ 
centration  that  can  occur  only  when  the  electrons  in  question  are  paiied. 
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VI.  The  “Valence-Bond  Method”  (7,  12) 

A  rather  obvious  generalization  of  Heitler  and  London  s  treatment  of  the 
hydrogen  molecule  may  be  illustrated  by  an  example,  chosen  to  bring  out 
most  simply  the  essential  features  of  the  procedure.  An  atom  may  be  ima¬ 
gined  to  possess  four  electrons  divided  among  three  central-field  orbitals 
referred  to  hereafter  as  a,  b,  and  c;  its  configuration  may  therefore  be  written 
as  a  be.  Two  further  atoms  may  be  imagined  to  possess  one  electron  each ; 
the  orbitals  occupied  will  be  referred  to,  respectively,  as  d  and  e.  The  con¬ 
figuration  of  the  entire  molecule  is  then  abode. 

The  Pauli  exclusion  principle  requires  the  two  electrons  occupying  the 
orbital  a  to  have  opposite  spins,  or,  in  other  words,  to  be  paired  with  each 
other.  These  electrons  are  therefore  not  available  for  bond-formation,  since 
they  are  already  paired.  The  four  electrons  occupying  the  orbitals  b,  c,  d, 
and  e,  however,  can  be  assigned  spins  in  any  desired  manner,  and  so  they 
are  available  for  bond-formation.  Two  possibilities  are  immediately  sug¬ 
gested  :  either  the  electron  in  b  is  paired  with  the  one  in  d,  and  the  one  in  c  is 
paired  with  the  one  in  e ;  or  else  the  electron  in  b  is  paired  with  the  one  in  e, 
and  the  one  in  c  is  paired  with  the  one  in  d.  (The  third  possibility,  that  b  and 
c  are  paired  with  one  another,  and  that  d  and  e  are  also  paired  with  one 
another,  can  be  ignored ;  it  would  not  correspond  to  a  single  triatomic  mole¬ 
cule,  but  rather  to  one  monatomic  and  one  diatomic  molecule.)  Equation 
51  suggests  that 


*w. 


(l/4)a(l)«(l)a(2)/3(2)[6(3)d(4)  +  6(4)d(3)][a(3)/3(4)  -  a(4)j8(3)] 

•  [c(5)e(6)  +  c(6)e(5)][a(5)/3(6)  —  a(6)/3(5)]  (52) 


and 


cd 


(l/4)a(l)a(l)a(2)/3(2)[6(3)e(4)  +  6(4)e(3)][a(3)|8(4)  —  a(4)|3(3)] 

•  [c(5)d(6)  +  c(6)d(5)][a(5)/3(6)  -  «( 6)0(5)]  (53) 

would  be  reasonable  functions  for  the  representation  of  the  two  proposed 
structures,  were  it  not  that  they  are  not  completely  antisymmetric,  and  so 
are  not  in  agreement  with  the  Pauli  exclusion  principle.  They  can,  however 
readily  be  antisymmetrized.  (Cf.  equation  37,  p.  16.)  When  thus  treated’ 

they  become  suitable  approximations  to  the  wave  functions  for  the  stated 
structures. 

By  the  extension  of  the  method  just  outlined,  an  approximate  wave  func¬ 
tion  expressed  ,n  terms  of  the  central-field  orbitals  of  the  constituent  atoms 
can  be  set  up  for  any  destred  valence-bond  structure  of  any  molecule  The 
correspond, ng  approximate  energy  of  the  molecule  can  then  be  calculated 
by  the  appropriate  general, sat, on  of  equation  39  (p,  18),  if  explicit  forms 
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are  assigned  to  the  various  atomic  orbitals  involved.  This  method  of  treat¬ 
ing  molecular  structure  is  commonly  referred  to  as  the  valence-bond  method, 
or  as  the  Heitler-London- Slater -P aiding  ( HLSP )  method. 

1  he  numei  ical  calculations  made  for  extremely  simple  molecules  by  the 
pioceduie  just  desciibed  aie  qualitatively  rather  satisfactory,  though  Quan¬ 
titatively  unreliable  because  of  the  drastic  approximations  involved.  How¬ 
ever,  even  with  a  molecule  as  simple  as  that  of  methane,  CII4 ,  the  mathe¬ 
matical  difficulties  encountered  in  evaluating  the  integrals  of  equation  39 
are  so  great  that  no  serious  attempt  has  ever  been  made  to  obtain  quantita¬ 
tive  results  for  this  or  any  other  hydrocarbon.  Therefore,  until  more  power¬ 
ful  mathematical  tools  become  available,  the  maximum  information 
obtainable  for  such  molecules  by  quantum-mechanical  methods  must  re¬ 
main  grossly  qualitative  and  partly  empirical.  The  remainder  of  this 
chapter  (except  for  the  immediately  following  section)  will  accordingly  be 
devoted  to  such  qualitative  and  empirical  considerations. 


VII.  The  “Molecular-Orbital  Method”  (7,  12,  14) 

An  alternative  method  of  setting  up  an  approximate  wave  function  for  a 
molecule  resembles  the  treatment  of  atomic  structure  discussed  on  pp.  15 ff. 
more  closely  than  it  does  the  one  just  described.  A  single  example  will  suffice 
to  illustrate  the  principles  of  this  second  method.  The  two  nuclei  of  the 
hydrogen  molecule  H2  are  supposed  to  be  held  at  some  fixed  distance  from 
one  another;  the  two  electrons  are  supposed  to  be  first  completely  removed 
and  then  allowed  to  return  one  at  a  time.  The  first  electron  thus  to  return 
will  occupy  an  orbital  not  centered  about  a  single  nucleus,  but  belonging  to 
the  molecule  as  a  whole.  Such  a  molecular  orbital  may  be  represented,  at 
least  approximately,  by  the  linear  combination  of  atomic  orbitals 

xa+b  =  (M 2/2)[xi«^  T"  Xu b]  (54) 


The  second  electron  can  also  go  into  this  same  orbital  it  its  spin  is  opposite 
to  that  of  the  first.  The  resulting  approximate  molecular  wave  function 
\pm  ,  after  being  antisymmetrized,  is  of  the  form 

rhm  =  (V2/2)XA+B(1)XA+B(2)[a(\)m  -  «(2)0(1)]  (55) 


This  function  gives  a  binding  energy  slightly  less  satisfactory  than  the  one 
derived  from  the  function  \ps  (equation  51).  The  difference,  howevei,  is  not 
great.  Similarly,  approximate  wave  functions  can  lie  obtained  tor  more  com¬ 
plex  molecules.  In  general,  the  molecular-orbital  method,  often  referred  to 
also  as  the  Hund-Mulliken  ( HM )  method,  is  about  as  useful  as  the  valence- 
bond  (HLSP)  method  for  the  qualitative  treatment  of  the  normal  states  of 
molecules;  it  is  rather  more  useful  than  the  valence-bond  method  for  the 
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treatment  of  the  electronically  excited  states  which  are  ot  spectroscopic 
interest.  Nevertheless,  the  following  discussion  will  be  restricted  to  the 
valence-bond  method  which  can  more  easily  be  correlated  with  the  ordinary 
chemical  concepts  of  valence  and  of  structure. 

VIII.  Recapitulation  of  the  Quantum-Mechanical  Treatment  of 

Valence 

In  the  preceding  sections,  the  discussion  has  unavoidably  been  compli¬ 
cated.  It  was  necessary  to  start  with  fundamental  principles  and  to  derive, 


Fig  5  A  schematic  representation  of  the  “probability  cloud”  corresponding  to 
a  Is  orbital  about  an  atomic  nucleus  ®.  ^nesponaing  to 

in  logical  sequence,  the  intermediate  theorems  required  for  the  final  conclu¬ 
sions.  Now,  however,  it  is  convenient  to  summarize  the  more  important  of 

withoutpCroof°nS  and  t0  r6State  them  qualitatively  and  nonmathematically, 

The  electrons  in  an  atom  are  not  located  at  definite  positions;  instead 

UWvToh  °Ve7  entlre  at°m'  Nevertheless’  a»y  given  electron  is  more 
hely  to  be  in  certain  positions  than  in  others.  The  probability  that  an  elec- 

ZJZZH  r,  °f  itS  Pf  ^  P°Siti0nS  "  *  ‘I-  -"ailed 

orwal  which  that  electron  is  said  to  occupy.  Although  an  electron  is  com 
monly  regarded  as  a  point-particle,  its  orbital  can  be  most  easily  visualized 
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as  a  cloud,  the  density  of  which  at  any  point  is  a  measure  of  the  probability 
that  the  electron  is  at  that  point.  (More  precisely,  the  “probability  cloud” 
lepiesents  not  the  orbital  itself,  but  the  square  of  its  absolute  magnitude 
at  any  point.  C'f.  p.  9.)  Consequently,  if  the  orbital  occupied  by  each 
election  in  the  atom  is  known,  the  average  distribution  of  electronic  charge 
is  determined. 

By  solution  of  a  suitably  simplified,  and  hence  only  approximate,  Schro- 
dinger  equation,  the  general  shapes  of  the  various  orbitals  are  calculated. 


Fig.  6.  A  schematic  representation  of  the  “probability  cloud”  corresponding  to  a 
2s  orbital  about  an  atomic  nucleus  ®. 

In  this  way,  it  is  found  that  all  orbitals  of  the  so-called  s  type  are  spherically 
symmetric.  In  other  words,  an  electron  in  an  s  orbital  is  exactly  as  likely  to 
be  in  any  one  direction  from  the  nucleus  as  it  is  to  be  in  any  other.  An  s 
orbital,  therefore,  does  not  “project”  in  any  direction.  The  various  s  orbitals 
of  a  single  atom  correspond  to  different  average  distances  from  the  nucleus. 
An  electron  in  the  Is  orbital  is,  on  the  average,  closer  to  the  nucleus  than  is 
one  in  the  2s  orbital;  an  electron  in  the  2s  orbital  is,  on  the  average,  closer 
to  the  nucleus  than  is  one  in  the  3s  orbital;  and  so  on.  For  this  reason,  an 
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electron  in  an  atom  is  in  its  most  stable  state  (i.e.,  has  the  lowest  energy) 
when  it  is  in  the  Is  orbital;  it  is  in  a  less  stable  state  when  it  is  in  the  2s 
orbital;  in  a  still  less  stable  state  when  it  is  in  the  3s  orbital;  and  so  on. 
Figures  5  and  G  illustrate  schematically  the  respective  “probability  clouds” 
of  a  Is  and  a  2s  orbital;  in  each  figure,  the  concentration  of  the  dots  in  any 
small  region  represents  the  density  of  the  cloud  in  that  region  and  hence  the 
probability  that  the  electron  is  in  the  region  in  question. 

Y 


Fig  7.  A  schematic  representation  of  the  “probability  cloud”  corresponding  to  a 
2 pz  orbital  about  an  atomic  nucleus  ®.  P  B  lu 

On  the  other  hand,  orbitals  of  the  so-called  p  type  are  not  spherically 
symmetric.  An  electron  in  such  an  orbital  is  more  likely  to  be  in  one  of  two 
opposite  directions  from  the  nucleus  than  it  is  to  be  in  any  other  direction- 
m  other  words,  the  p  orbitals  "project"  along  straight  lines  running  in  defi¬ 
nite  directions  through  the  nucleus.  The  most  stable  p  orbitals  are  the  three 
, P  orbltal*  "blch-  although  distinct,  correspond  to  the  same  energy  (i.e.  are 
%enerote).  The  2 p  orbitals  in  any  given  atom  are  less  stable  than  the  2s 
orbitals  in  that  atom,  but  are  more  stable  than  either  the  3s  orbital  or  the 
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orbitals.  It  is  both  permissible  and  convenient  to  describe  the  2 p  orbitals 
moie  piecisely  as  2 px  ,  2 py  and  2pz.  It  the  atomic  nucleus  is  assumed  to  lie 
at  the  origin  of  a  set  of  rectangular  cartesian  coordinates,  the  2 px  orbital 
piojects  equally  in  both  directions  along  the  x-axis.  In  other  words,  an  elec¬ 
tron  occupying  the  2 px  orbital  is  most  likely  to  be  on  the  x-axis;  it  is  equally 
likely  to  be  on  either  side  of  the  yz- plane,  but  it  cannot  lie  in  that  plane. 
The  2py  and  2pz  orbitals  have,  respectively,  the  same  relations  to  the  y-axis 


Y 

Fig.  8.  A  schematic  representation  of  the  “probability  cloud”  corresponding  to  a 
2 pv  orbital  about  an  atomic  nucleus  ®. 


and  xz-plane,  and  to  the  2-axis  and  xy- plane.  Figures  /,  8,  and  9  illustrate 
schematically  the  respective  “probability  clouds”  of  a  2px,  a  2py ,  and  a 
2pz  orbital.  (In  order  that  the  figures  may  be  easily  visualized,  the  z-axis 
which  in  Figures  7  and  8  is  perpendicular  to  the  plane  of  the  paper  and 
hence  not  explicitly  represented,  is  drawn  in  Figure  9  in  the  plane  of  the 


paper.) 

Two  electrons  can  be  put  into  the  same  oi 
they  have  opposite  spins  (i.e.,  are  paired). 


•bital  of  the  same  atom  only  if 
An  electron  in  such  a  doubly 


Y 


Y 

Fig.  9.  A  schematic  representation  of  the  “probability  cloud”  corresponding  to  a 
2 pz  orbital  about  an  atomic  nucleus  (a). 


Fig  10.  A  schematic  representation  of  the 
a  covalent  bond  between  two  atoms  (a)  and  ® 


“probability  cloud”  corresponding  to 
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occupied  oibital  of  an  atom  A  is  unavailable  for  bond-formation,  since  it 
cannot  be  further  paired  with  another  electron  from  any  other  atom  B.  It 
therefore  cannot  be  shared  by  atoms  A  and  B.  Consequently,  the  only  elec¬ 
trons  that  can  participate  in  covalent  bonds  are  those  which,  in  the  isolated 
atoms,  are  in  singly  occupied  orbitals. 

A  covalent  bond  is  formed  when  two  electrons  tend  to  come  into  the 
region  between  the  nuclei  of  the  atoms  concerned  (i.e.,  when  the  two  elec¬ 
trons  are  shared).  If  the  probability  that  an  electron  is  in  any  small  volume 
element  is  represented  by  the  density  of  a  “cloud”  in  that  volume  element, 
then  a  covalent  bond  results  when  the  composite  cloud  for  two  electrons  (one 
from  each  atom)  is  most  dense  in  the  region  between  the  nuclei.  A  bond 
thus  formed  between  two  atoms  A  and  B  is  depicted  schematically  in  Fig. 
10.  (Cf.  the  still  more  approximate  representation  of  such  a  bond  in  Fig.  2  on 
p.  3.)  In  general,  the  cloud  is  densest,  and  hence  the  corresponding  bond 
is  strongest,  when  the  two  binding  orbitals  (one  on  each  atom)  overlap  most 
effectively.  The  significance  of  this  last  statement  will  be  explained  more 
fully  in  the  following  sections. 

IX.  Bond  Angles  and  the  Tetrahedral  Carbon  Atom  (15) 

An  s  orbital,  since  it  is  spherically  symmetric,  does  not  project  in  one 
direction  any  more  than  it  does  in  any  other  direction.  (See  the  preceding 
section.)  Consequently,  the  overlapping  between  such  an  orbital  and  any 
orbital  on  another  atom  is  independent  of  the  direction  of  the  line  joining 
the  two  nuclei.  Hence,  a  bond  formed  by  an  s  orbital  can  have  no  preferred 
direction.  With  a  p  orbital,  however,  the  situation  is  different.  Such  an  orbi¬ 
tal  does  project  in  a  definite  direction;  hence  its  ability  to  overlap  an  orbital 
on  any  other  atom  depends  upon  the  direction  of  the  line  joining  the  nuclei 
of  the  two  atoms  concerned.  A  bond  formed  by  a  p  orbital,  therefore,  does 
have  a  preferred  direction.  This  conclusion  leads  easily  to  an  explanation 
for  the  angles  found  to  exist  between  certain  covalent  bonds. 

In  the  water  molecule,  II20,  for  example,  the  oxygen  atom  may  be  con¬ 
sidered  to  have  the  configuration  Is"  2s  2px  2,py  2 pe.  (Cf.  p.  18.)  Since 
only  the  electrons  in  the  2 py  and  2 pz  orbitals  can  be  unpaired,  these  aie  the 
only  ones  available  for  the  formation  of  bonds  to  the  two  hydrogen  atoms. 
Since,  moreover,  the  2 py  and  2 pe  orbitals  project  along  the  y-  and  z-axes 
respectively,  the  maximum  overlapping  between  binding  orbitals,  and 
hence  the  strongest  bonds,  must  occur  when  one  hydrogen  atom  lies  on  the 
w-axis  and  the  other  on  the  z-axis.  Although,  in  the  absence  of  an  externa 
electric  or  magnetic  field,  the  directions  of  these  two  coordinate  axes  are 
completely  arbitrary,  the  angle  between  them  is  nevertheless  uniquely 
determined.  It  therefore  follows  that  the  angle  between  the  oxygen-hydro¬ 
gen  bonds  should  be  90°.  The  discrepancy  between  this  predicted  value  and 
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the  observed  one  (16)  of  approximately  105°  is  probably  clue  to  the  repulsion 
between  the  hydrogen  atoms  or  to  hybridization  (see  below),  or  to  both. 
In  any  event,  the  marked  departure  of  the  molecule  from  linearity  is  fully 
explained.  Similarly,  the  nitrogen  atom  in  the  ammonia  molecule,  NH3 ,  can 
be  considered  to  have  the  configuration  Is  2s  2 px  2 py  2 pz ,  so  that  the  three 
hydrogen  atoms  should  lie  on  the  three  coordinate  axes.  Since  the  observed 
angles  (16)  between  the  nitrogen-hydrogen  bonds  are  approximately  107°, 
and  not  exactly  90°  as  predicted,  the  effect  of  the  repulsions  between  the 
hydrogen  atoms,  or  of  hybridization,  or  of  both,  is  again  evident.  The  non- 
planarity  of  the  molecule,  however,  is  again  fully  explained. 

In  the  attempt  to  extend  to  the  methane  molecule  the  treatment  used  in 
the  preceding  paragraph,  certain  complications  are  encountered.  In  the  first 
place,  the  normal  configuration  of  the  carbon  atom  is  Is'  2s'  2 p  ,  where  the 
maximum  number  of  singly  occupied  orbitals  is  two.  Regardless  of  which  2 p 
orbitals  are  chosen  as  the  singly  occupied  ones,  the  carbon  atom,  like  the 
oxygen  atom,  should  form  only  two  bonds,  and  these  should  be  approxi¬ 
mately  at  right  angles  to  each  other.  Consequently,  in  order  to  explain  the 
quadrivalence  of  carbon,  the  excited  configuration  Is2  2s  2 p'\  where  four 
orbitals  may  be  singly  occupied,  must  be  taken  into  account.  The  latter 


configuration,  although  considerably  less  stable  than  the  normal  one,  may 
nevertheless  be  used,  because  the  energy  required  to  raise  the  atom  to  this 
excited  configuration  is  more  than  compensated  by  the  energy  released  in 
the  formation  of  the  two  additional  bonds. 

A  second  complication  arises  from  the  nonequivalence  of  the  four  orbitals 
of  the  L  shell.  If  the  configuration  of  the  carbon  atom  is  taken  as  Is2  2s  2 px 
2 Py  2 Vz  >  three  of  the  bonds  formed  should  be  directed  along  the  coordinate 
axes,  but  the  fourth  one,  formed  by  the  2s  orbital,  should  be  undirected, 
three  of  the  hydrogen  atoms  in  the  methane  molecule  should  therefore  lie 
on  or  near  the  three  coordinate  axes,  whereas  the  fourth  hydrogen  atom 
should  take  up  a  position  removed  as  far  as  possible  from  the  other  three 
by  which  it is  presumably  repelled.  The  molecule  should  thus  have  the  shape 
of  a  trigonal  pyramid.  Moreover,  the  four  carbon-hydrogen  bonds  should 
not  be  of  the  same  strength.  The  three  bonds  formed  by  the  2v  orbitals 
should  be  significantly  stronger  than  the  one  formed  by  the  2s  orbital,  since 
the  2p  oibitals  are  concentrated  along  their  respective  bond  axes,  and  thus 
moie  strongly  overlap  the  hydrogen  orbitals  to  which  they  are  bonded  than 
the  spherically  symmetric  2s  orbital  overlaps  the  hydrogen  orbital  to  which 


h  s  nonregularity  of  the  carbon  tetrahedron  and  nonequivalence  of  the 
oui  caibon  bonds  can  be  eliminated  by  assuming  that  the  carbon  orbits  ■ 
which  form  the  bonds  in  question  are  not  simply  the  2s  2p  2 p  and  2  * 
orbitals,  but  are  instead  certain  linear  combinations,  or 
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The  2s  and  the  2 p  orbitals  are  not  degenerate  (he.,  do  not  have  the  same 
energy),  and  hence  no  combination  of  2s  and  2 p  orbitals  would  be  permis¬ 
sible  in  the  isolated  atom  (cf.  p.  13);  nevertheless,  the  hybridization  proce¬ 
dure  appears  to  be  permissible  in  the  molecule.  The  formation  of  the  bonds, 
of  course,  greatly  perturbs  the  state  of  the  carbon  atom,  and  the  energy 
change  bi ought  about  by  this  perturbation  is  probably  much  greater  than 
the  energy  difference  between  the  2s  and  2 p  levels.  Under  these  circum¬ 
stances,  the  perturbation  theory  of  quantum  mechanics  (7)  (which  cannot 
here  be  further  discussed)  shows  that  linear  combinations  of  even  the  non¬ 
degenerate  2s  and  2 p  orbitals  can,  and  in  fact  must,  be  employed. 

The  criterion  which  directs  the  choice  of  the  proper  hybrid  orbitals  is  the 
principle  of  maximum  overlapping  (15).  The  stability  of  a  molecule  is 
greatest  when  its  interatomic  bonds  are  strongest,  that  is,  when  the  pairs 
of  orbitals  which  form  the  bonds  overlap  most  effectively.  Consequently,  in 
any  atom,  the  best  orbital  for  the  formation  of  a  bond  is  the  one  which 
overlaps  most  with  the  orbital  from  the  other  atom.  For  this  reason,  as  was 
noted  above,  a  2 p  orbital  should  (other  things  being  equal)  form  a  stronger 
bond  than  does  a  2s  orbital.  Even  a  2 p  orbital,  however,  is  not  ideally  con¬ 
centrated  since  it  extends  equally  in  both  directions  along  its  axis.  (Cf. 
Figs.  7-9.)  At  best,  therefore,  only  one  half  of  such  an  orbital  about  an 
atom  A  can  effectively  overlap  with  a  second  orbital  centered  about  an 
atom  B\  the  other  half  of  the  2 p  orbital  about  A  points  off  in  the  wrong 
direction,  and  is,  so  to  speak,  unavoidably  wasted  so  far  as  the  formation 
of  a  covalent  bond  is  concerned.  However,  certain  orbitals  more  concen¬ 
trated  in  single  directions  than  the  2s  and  2 p  orbitals  can  be  obtained  as 
linear  combinations  or  hybrids  of  the  2s  and  2 p  orbitals.  Such  hybrid 
orbitals  should  form  stronger  bonds  than  either  the  pure  2s  or  the  pure  2 p 
orbitals.  Consequently,  the  best  approximation  to  the  wave  function  of  a 
molecule  containing  carbon  should  probably  be  expressed  in  terms  of 
hybrid  carbon  orbitals. 

The  four  independent  hybrid  orbitals  (obtained  by  combining  one  2s  and 
three  2 p  orbitals),  which  are  most  concentrated  in  definite  directions,  are 


Xi  =  (1/2)(x2s  +  X2 px  +  Xipy  T  X2p«)  (°^) 

X2  =  (1/2)  (x2s  +  X2 px  —  X2 py  —  X2pe)  (°^) 

X3  =  (1/2)  (X2s  ~  X2 px  +  X2 py  “  X2pa)  (°^) 

X4  =  (1/2)  (X2s  —  X2 px  —  X2 py  +  X2p*)  ffl) 


where  X2S,  X2p*,  X2pp,  and  X2P*  are  the  atomic  orbitals  of  equations  20,  24 
26.  (Here,  and  throughout  the  remainder  of  this  chapter,  the  reader  who  has. 
skipped  the  development  of  the  quantum-mechanical  theoiy  on  pp.  6  25 
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need  not  trouble  himself  with  the  mathematical  details,  which  are  given 
only  for  the  sake  of  completeness.)  These  hybrid  orbitals,  xi>  X2,  X3,  and 
X4  ,  are  exactly  equivalent  to  one  another,  as  is  shown  by  the  fact  that  any 
one  of  them  can  be  transformed  into  any  other  merely  by  a  rotation  of  the 
coordinate  axes.  Moreover,  the  angle  between  the  lines  along  which  any  pair 
of  these  orbitals  project  is  exactly  the  tetrahedral  angle  of  109°  28'.  Thus, 
both  of  the  difficulties  encountered  with  the  unhybridized  orbitals  are 
eliminated.  The  concentration  of  the  hybrid  orbitals  in  definite  directions 


iFXk  '  'iL  ^  schematic  representation  of  the  "probability  cloud”  corresponding  to 
arrow! "  °"  the  carbo”  atom  ®-  Tl'<=  &■><!  direction  is  tha?  S  n  by  the 

is  shown  schematically  in  Fig.  11,  which  gives  the  “probability  cloud"  for 
one  such  orbital.  Although  this  orbital  still  projects  in  both  directions  from 
ie  nucleus,  one  of  its  two  parts  is  much  smaller  than  the  other;  only  this 

otheratom  'V  ^  P"t  *  ,m“ble  effectively  *«  overlap  an  orbital  on  an- 

Althoug"  hybridisation  of  the  2S  and  2p  orbitals  is  most  clearly  evident 
w  ith  the  carbon  atom,  it  may  occur  also  to  some  extent  with  the  oxygen  and 
nitiogen  atoms.  Consequently,  the  bonding  orbitals  of  the  central  atoms  in 
ate,  and  in  ammonia  may  not  be  exactly  2 p,  as  was  assumed  above  in  the 
discussion  of  these  substances,  but  may  instead  have  more  or  ^2*  char 
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acter.  The  normal  bond  angles  need  not  then  be  exactly  90°,  as  they  must 
be  when  pure  2 p  orbitals  are  used ;  they  may  instead  be  somewhat  closer  to 
the  109°  28'  observed  in  methane.  Consequently  (as  was  suggested  on  p. 
31),  in  water  and  in  ammonia,  the  observed  excess  of  the  bond  angles  over 
90°  may  be  due  partly  to  hybridization,  and  not  entirely  to  the  mutual  re¬ 
pulsions  between  the  hydrogen  atoms. 

In  most,  if  not  all,  compounds  of  carbon  where  each  carbon  atom  forms 
four  single  bonds,  the  same  type  of  hybridization  used  for  methane,  and 
hence  the  same  tetrahedral  bond  angles  found  for  that  substance,  may  be 
assumed.  (For  a  discussion  of  unsaturated  and  highly  strained  compounds, 
however,  see  the  following  sections.)  Thus,  in  ethane,  the  six  carbon-hydro¬ 
gen  bonds  are  formed  by  six  tetrahedrally  hybridized  carbon  orbitals  and 
by  six  Is  hydrogen  orbitals;  similarly,  the  one  carbon-carbon  bond  is  formed 
by  two  tetrahedrally  hybridized  orbitals,  one  from  each  atom.  The  maxi¬ 
mum  overlapping  in  this  carbon-carbon  bond  occurs  when  the  bonding  orbi¬ 
tal  on  each  carbon  atom  is  directed  exactly  toward  the  nucleus  of  the  other 
carbon  atom.  It  may  be  presumed,  therefore,  that  each  of  these  two  orbitals 
is  cylindrically  symmetrical  about  the  bond  axis,  so  that  the  overlapping  is 
not  affected  by  rotation  about  the  bond.  Any  bond  with  this  characteristic 
is  commonly  described  as  a  a  bond.  There  should  be  no  forces  to  restrict 
rotation  about  such  a  bond;  in  other  words,  the  rotation  about  such  a  bond 
should  be  .free.  (The  carbon-hydrogen  bonds  also  are  of  the  a  type,  but  here, 
because  of  the  univalence  of  the  hydrogen  atoms,  the  question  of  free  rota¬ 
tion  does  not  arise.) 

The  predicted  complete  freedom  of  rotation  about  a  bond  is  only  an 
approximation.  If  the  rotation  were  sufficiently  hindered,  then  many  mole¬ 
cules  in  which  two  or  more  multivalent  atoms  are  linked  to  one  another  by 
single  bonds  should  be  obtainable  in  distinct  stereoisomeric  forms.  Such 
isomers,  where  the  atomic  positions  differ  only  with  respect  to  rotation  about 
single  bonds,  have  been  observed  only  among  the  substituted  biphenyls  and 
their  stereochemical  analogues.  In  a  far  larger  class  of  compounds,  however , 
smaller,  but  definitely  detectable,  hindrances  to  free  rotation  about  single 
bonds  have  been  established.  In  ethane,  for  example,  the  foices  restricting 
rotation  about  the  carbon-carbon  bond  are  such  that  an  energy  of  about  3 
kcal.  per  mole  is  required  to  overcome  them  (17);  and,  lor  several  other 
single  carbon-carbon  bonds,  energies  ol  the  same  order  ol  magnitude  have 
been  found.  This  small  discrepancy  between  prediction  and  observation  is 
due  to  the  approximations  introduced  into  the  theoretical  treatment,  more 
particularly  (in  ethane)  to  the  neglect  of  the  interactions  among  the  various 
hydrogen  atoms.  In  any  event,  however,  the  qualitative  prediction  that  no 

larc/e  forces  restrict  rotation  is  certainly  valid. 

In  molecules  containing  bulky  atoms  or  groups,  the  carbon  bond  angles 
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mav  be  somewhat  distorted  from  their  normal  tetrahedral  value.  Urns,  the 

C _ C — C  bond  angle  in  propane,  CH2(CH3)2  (18),  and  the  Cl  C  Cl  bond 

angle  in  methylene  chloride,  CH2C12  (19),  are  appreciably  larger  than  109 
28'.  These  observed  distortions  can  easily  be  explained;  they  are  due  to  the 
mutual  repulsions  of  the  large  methyl  groups  and  chlorine  atoms.  Similar 
explanations  apply  in  all  other  instances  where  a  valence  angle  at  a  satu¬ 
rated  carbon  atom  is  found  to  deviate  slightly  Irom  the  normal  tetrahedral 
value.  (Cf.,  however,  Strain  Theory  on  pp.  40/.) 

X.  The  Carbon-Carbon  Double  Bond  (15,  20) 

The  treatment  of  valence  in  saturated  carbon  compounds  may  be  ex¬ 
tended  so  that  it  applies  also  to  molecules  containing  double  bonds.  This 
extension  may  be  illustrated  by  applying  the  process  to  ethylene.  Each  of 
the  two  equivalent  carbon  atoms  in  the  ethylene  molecule  has  the  excited 
configuration  Is2  2s  2p  which  was  taken  as  the  starting  point  in  the  treat¬ 
ment  of  the  saturated  molecules.  The  best  hybridization  of  the  2s  and  the 
2 p  orbitals  for  saturated  molecules  is,  however,  not  the  best  for  unsaturated 
ones.  For  simplicity,  the  two  carbon  atoms  may  be  supposed  to  lie  in  the 
.ry-plane,  and  the  line  joining  them  may  be  supposed  to  be  parallel  to  the 
x-axis.  If  the  carbon  atom  with  the  algebraically  smaller  value  of  x  is 
designated  by  the  subscript  A,  and  if  the  second  carbon  atom  is  designated 
by  the  subscript  B,  then  a  reasonable  set  of  hybridized  atomic  orbitals  is 


XlA  =  (\/3/3)x2 sA  ~  ('V/6/6)x2px.4  -f  (\/2/2)x2p2/.4  (58) 

X24  =  (\/3/3)x2  sA  —  (■%/  6/6)x2px.4  —  (\/2/2)x2  pyA  (59) 

Xoa  =  (\/3/3)x2 sa  T-  (\/ 6/3)x2pxA  (60) 

XirA  =  X2  pzA  (61) 

XlB  —  (\/3/3)x2sB  +  (\/6/6)x2pxB  T*  (\/2/2)x2 pyB  (62) 

xtB  =  (V3/3)x2Sb  +  (V6/6)x2pxB  -  (a/2/2)x2 pyB  (63) 

XoB  =  (\/3/3)x2  sB  —  (\/(3/3)x2  pxB  (64) 

XtB  =  XlpzB  (6^ 


The  three  orbitals  xu,  X2a,  and  x<r4  about  atom  A  project  in  the  xy- plane 
in  directions  which  form  with  one  another  angles  of  120°;  moreover,  the 
three  orbitals  Xib,  X2b,  and  x,b  about  atom  B  likewise  project  in  the  xw-plane 
m  directions  which  form  angles  of  120°  with  one  another.  The  situation  is 
illustrated  diagrammatically  in  Fig.  12,  where  the  arrows  show  the  direc¬ 
tions  in  which  the  various  orbitals  project  most  strongly.  The  six  orbitals 
shown  are  only  slightly  less  concentrated  in  the  directions  indicated  than 
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tetrahedral  orbitals  (equations  54-57)  would  be;  on  the  other  hand,  they 
are  much  more  concentrated  than  pure  2s  or  pure  2p  orbitals.  In  fact,  the 
“probability  cloud”  corresponding  to  such  a  trigonal  orbital  is  hardly  dis¬ 
tinguishable  from  one  (Fig.  11)  corresponding  to  a  tetrahedral  orbital. 
The  further  orbitals  x*a  and  x*b,  which  are  not  represented  in  Fig.  12,  are 
unhybridized  2 pe  orbitals  which  project  equally  in  the  two  opposite  direc¬ 
tions  parallel  to  the  2-axis  (i.e.,  perpendicular  to  the  plane  of  the  paper). 
If  these  orbitals  were  shown  in  Fig.  1 2,  each  of  them  would  be  represented 
by  two  arrows  perpendicular  to  the  paper  and  pointing  in  opposite  direc¬ 
tions,  since  the  two  parts  of  these  orbitals  project  equally.  The  justification 
for  the  particular  hybridized  orbitals  shown  in  equations  58-65  should  be¬ 
come  apparent  as  the  conclusions  to  which  they  lead  are  examined. 


Y 


Fig.  12.  A  diagram  showing  the  directions  in  which  the  indicated  six  orbitals  of 
the  ethylene  molecule  project  most  strongly  in  the  zy-plane. 


The  orbitals  xu,  X2.4,  Xi«,  and  X2«  lorm  bonds  with  the  Is  orbitals  oi  the 
four  hydrogen  atoms.  The  four  carbon-hydrogen  bonds,  therefore,  lie  in 
the  £t/-plane,  so  that  the  molecule  is  completely  planar.  The  H — C — H  and 
the  — Q — c  bond  angles  are  all  approximately  equal  to  120°.  Similarly,  the 


orbitals  x<r.4  and  x<r«  form  a  carbon-carbon  bond,  which,  like  the  carbon- 
hydrogen  bonds  just  considered,  is  ol  the  v  type.  It  this  a  bond  veie  the 
only  bond  between  the  two  carbon  atoms,  there  should  be  free  (or  nearly 
free)  rotation  of  the  two  ends  of  the  molecule  about  the  single  carbon-carbon 
bond.  Such,  however,  is  not  the  tact.  A  second  carbon-carbon  bond  lesults 
from  the  interaction  of  the  orbitals  Xir.i  and  Xr«-  I'his  additional  carbon- 
carbon  bond  is  not  even  approximately  of  the  <x  type,  since  its  average  dis¬ 
tribution  of  electric  charge  is  far  from  cylindrically  symmetric  about  the 
bond  axis.  In  the  region  between  the  two  nuclei,  the  concentration  of  elec- 
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tronic  charge  due  to  this  bond  is  greatest  in  the  plane  passing  through  the 
carbon  nuclei  and  perpendicular  to  the  paper  in  Fig.  12.  Ihere  are  two 
separated  regions  of  greatest  charge  concentration;  one  of  them  lies  above, 
the  other  below,  the  plane  of  the  paper.  The  probability  that  either  of  the 
two  electrons  (which  produce  this  second  component  of  the  double  bond) 
lies  in  the  xy- plane  is  zero.  Such  a  bond  is  frequently  said  to  be  of  the  tt  type. 
Since  the  orbitals  x*a  and  are  n°t  directed  toward  each  other  but  in¬ 
stead  project  in  parallel  directions,  they  do  not  overlap  as  greatly  as  do  the 
orbitals  x,A  and  x<tb ■  Consequently,  the  tt  bond  is  rather  weaker  than  the 
a  bond. 

The  representation  just  given  explains  many  of  the  characteristic  proper¬ 


ties  of  carbon-carbon  double  bonds.  Thus,  although  (as  noted)  the  a  com¬ 
ponent  of  a  double  bond  should  not  prevent  free  rotation,  the  ir  component 
should  do  so.  The  tt  orbitals  overlap  most  strongly  when  the  two  doubly 
bonded  carbon  atoms  and  the  four  other  atoms  joined  to  them  lie  all  in 
the  same  plane.  Any  rotation  of  one  half  of  the  molecule  about  the  line 
joining  the  carbon  nuclei  markedly  reduces  the  amount  of  overlapping, 
and  hence  decreases  both  the  strength  of  the  7 r  bond  and  the  stability  of 
the  molecule.  The  minimum  overlapping  is  produced  by  a  relative  rotation 
of  90°,  which  brings  the  two  halves  of  the  molecule  into  perpendicular 
planes;  for,  after  such  a  rotation,  the  concentration  of  the  orbital  x*a  is 
greatest  just  where  the  concentration  of  x*b  is  least,  and  vice  versa.  Were 
the  molecule  to  assume  this  latter  shape,  the  -jt  bond  would  be  essentially 
broken.  Consequently,  the  molecule  is  normally  planar;  and  it  offers  a  high 
resistance  to  any  force  distorting  it  from  the  planar  shape.  This  high  resist¬ 


ance  accounts  for  the  existence  of  separable  cis-trans  isomers.  To  transform 
a  molecule  of  m-2-butene,  for  example,  into  one  of  the  trans- isomer  by  rota¬ 
tion  about  the  carbon-carbon  double  bond  would  require  enough  energy  to 
pass  the  molecule  through  a  very  unstable  shape.  Since,  at  room  tempera¬ 
ture,  extremely  few  molecules  can  possess  so  much  energy,  the  rate  of  spon¬ 
taneous  interconversion  under  such  conditions  and  by  such  a  mechanism 
must  be,  if  not  actually  zero,  at  least  very  small. 

The  spectroscopically  determined  shape  of  the  ethylene  molecule  agrees 
m  general  with  the  interpretation  just  given.  The  molecule  is  planar,  and 
the  predicted  value  of  approximately  120°  for  each  of  the  H— C— H  and 
li0ml  angles  (see  above)  is  in  accord  with  experiment.  This  last 
fact  ,S  not  surprising,  since  the  hybrid  orbitals  of  equations  58-65  were 
arbitrarily  chosen  so  as  to  make  the  angles  120°.  If  the  observed  angles  had 
had  almost  any  other  values  not  less  than  00°,  the  hybrid  orbitals  would 
teen  chffeiently  chosen,  and  equally  good  agreement  would  have  been 

is  thatl;  m°rt  Slgnificant  featl,re  of  the  quantum-mechanical  treatment 
that  It.  provides  a  reasonable  qualitative  interpretation  for  the  bond 
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length.  Since  in  a  double  bond/owr  electrons  are  concentrated  between  the 
two  nuclei,  as  compared  with  only  two  similarly  situated  electrons  in  a  single 
bond,  the  nuclei  of  doubly  bonded  atoms  are  more  effectively  shielded  from 
( at  h  othei  than  are  the  nuclei  of  singly  bonded  atoms.  In  other  words,  the 
attraction  of  the  carbon  nuclei  for  the  four  electrons  in  the  double  bond  is 
larger  (relative  to  the  repulsion  between  the  nuclei)  than  is  their  attraction 
for  the  two  electrons  in  a  single  bond.  Inasmuch  as  attractions  shorten, 
whereas  repulsions  lengthen,  the  bonds  in  which  they  occur,  a  double  bond 
may  be  expected  to  be  somewhat  shorter  than  a  single  bond.  This  predic¬ 
tion  again  agrees  with  experiment;  the  observed  carbon-carbon  distances  in 
ethylene  and  in  ethane  are,  respectively,  about  1 .34  and  1 .54  A. 

Since  a  7 r  bond  leads  to  a  considerable  attraction  between  the  bonded 
atoms,  a  carbon-carbon  double  bond  is  stronger  than  a  carbon-carbon  single 
bond.  But,  since  a  tv  bond  is  weaker  than  a  a  bond,  a  carbon-carbon  double 
bond  is  less  than  twice  as  strong  as  a  carbon-carbon  single  bond.  Accord¬ 
ingly,  it  is  easier  to  break  the  7r  component  of  a  double  bond  (which  is 
thereby  converted  into  a  single  bond)  than  it  is  to  break  a  single  bond  of 
the  c  type.  For  this  reason,  numerous  reagents,  such  as  hydrogen,  the 
halogens,  the  halogen  acids,  etc.,  add  readily  to  olefins  by  rupturing  the  7 r 
components  of  their  double  bonds;  however,  the  same  reagents  do  not 
ordinarily  rupture  a  bonds  and  therefore  do  not  react  similarly  with  paraf¬ 
fins,  which  contain  only  bonds  of  this  latter  type. 

Still  further  characteristics  of  olefinic  compounds  may  be  interpreted  by 
assuming  that  double  bonds  consist  of  strong  a  components,  essentially 
equivalent  to  single  bonds,  and  of  weaker  t  components,  which  hold  the 
electrons  less  firmly.  Among  the  phenomena  thus  interpreted  are  the  rela¬ 
tively  high  molecular  refractions  of  unsaturated  compounds  and  the  closely 
related  displacement  (toward  longer  wave  lengths)  of  the  ultraviolet  ab¬ 
sorption  of  a  hydrocarbon  by  the  introduction  of  double  bonds  into  the 
molecule. 


XI.  The  Carbon-Carbon  Triple  Bond 

The  two  carbon  atoms  in  a  molecule  of  acetylene,  C2H2,  have  the  con¬ 
figuration  1  s2  2s  2p3  characteristic  of  the  carbon  atoms  in  paraffins  and  olefins. 
The  hybridization  of  the  carbon  orbitals,  however,  appears  to  be  of  still 
a  third  type.  If  the  two  carbon  atoms  are  thought  of  as  lying  along  the 
2-axis,  the  hybridized  orbitals  most  commonly  chosen  are 

XM  =  (V2/2 )».A  -  (V2/2W  (“) 

x...  =  (V2/2)x  2  sA  4-  (a/2/2)x2P*a  (M 

(08) 

(69) 


X+A  =  X211A 
X-A  =  X211A 
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XhB  =  (\/2/2)x2  sB  +  (\/2/2)X2p*«  (^0) 

XoB  —  ("\/2/2)x2  sB  —  ("\/2/2)x2  pzB  (71) 

X  +  B  =  X211 B  (^) 

x-b  =  X21IB  (73) 


(For  the  significance  of  the  orbitals  defined  in  equations  G8,  69,  72,  and  73, 
see  equations  21  and  23  on  p.  14).  The  orbitals  xha  and  x*a  on  atom  A  are 
equivalent  to  each  other  and  project  in  opposite  directions  along  the  2-axis; 
similarly,  the  orbitals  xhb  and  x<tb  on  the  atom  B  also  are  equivalent  to  each 
other  and  also  project  in  opposite  directions  along  the  2-axis.  These  four 
orbitals  are  only  slightly  less  concentrated  than  tetrahedral  orbitals  (equa¬ 
tions  54-57)  or  than  trigonal  orbitals  (equations  58-60,  62-64) ;  presumably, 
they  form  strong  bonds.  The  “probability  cloud”  corresponding  to  any 
one  of  these  orbitals  would  again  be  scarcely  distinguishable  from  the  cloud 
(Fig.  11)  corresponding  to  a  tetrahedral  orbital.  The  two  carbon-hydrogen 
bonds  are  produced  by  the  carbon  orbitals  XhA  and  XhB,  together  with  the 
respective  Is  orbitals  of  the  hydrogen  atoms.  The  hydrogen  atoms  must 
accordingly  lie  on  the  2-axis;  hence,  the  molecule  is  linear.  One  component 
of  the  carbon-carbon  triple  bond  is  similarly  produced  by  the  two  carbon 
orbitals  x«a  and  Xtb,  which  overlap  strongly  along  the  2-axis.  This  com¬ 
ponent,  like  the  carbon-hydrogen  bonds,  is  of  the  a  type.  The  remaining 
carbon  orbitals  x+a,  x-a,  x+b,  and  x-b  are  unhybridized  2 p  functions  in  the 
complex  forms  corresponding  to  the  assignment  of  the  values  + 1  and  - 1 
to  the  magnetic  quantum  number  mt.  The  interactions  of  x+a  with  x+b 
and  of  x-a  with  x-b  lead  to  the  two  remaining  components  of  the  triple 
bond.  Although  these  further  bonds  are  not  exactly  like  the  tt  components 
of  double  bonds  (which  are  formed  by  real  2 p  orbitals)  they  are  usually 
considered  to  be  of  the  tt  type.  (In  strict  usage,  the  designation  tt  applies 
only  to  the  bonds  formed  by  the  complex  orbitals  x+a,  x+b,  x-a,  and  X-b 
since  only  these  orbitals  correspond  to  definite  components  of  angular 
momentum  along  the  bond  axis.  The  symbol  .  is,  however,  usually  also 
applied,  as  above,  to  the  weaker  components  of  double  bonds  ) 

The  foregoing  representation  of  the  electronic  structure  of  acetylene 
leads  to  several  conclusions  regarding  the  properties  of  that  substance.  The 
concentration  of  six  electrons  in  the  region  between  the  carbon  nuclei 
means  that  these  nuclei  are  shielded  from  each  other  even  more  effectively 

(about'l  MaT  n|e,thyl<T  Acco«li»S'y.  the  length  of  the  triple  bond 
about  1.20  A.)  is  still  less  than  that  of  a  double  bond.  Since  ir  bonds  al 

though  effective,  are  somewhat  weaker  than  ,  bonds,  the  triple  bond!  at 
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though  stronger  than  the  double  bond,  is  less  than  three  times  as  strong  as 
a  single  bond.  To  this  comparative  weakness  of  the  x  bonds  in  acetylene 
may  be  attributed  such  properties  of  the  compound  as  its  ability  to  add 
reagents,  its  high  molecular  refraction,  and  its  absorption  of  relatively 
long-wave  ultraviolet  light.  (Cf.  the  corresponding  discussion  of  ethylene, 
above.) 

XII.  Strain  Theory 

In  cyclopropane,  each  C — C — C  bond  angle  is  00°.  Tetrahedral  orbitals 
on  the  various  carbon  atoms  cannot,  therefore,  overlap  very  effectively; 
hence,  if  tetrahedral  hybridization  prevails  in  this  compound,  the  carbon- 
carbon  bonds  should  be  relatively  weak,  and  the  molecule  should  be  rela- 


Fig.  13.  The  overlapping  of  the  carbon  orbitals  within  the  cyclopropane  ring  w  ith 
tetrahedral  quantization. 

tively  unstable.  Such  a  situation  is  illustrated  schematically  in  big.  13, 
where  the  arrows  represent  the  directions  in  which  the  bonding  oibitals 
forming  the  ring  project  most  strongly.  (In  this  figure,  the  six  caibon-hy- 
drogen  bonds  are  ignored.)  The  two  orbitals  involved  in  each  carbon-carbon 
bond  project  along  lines  which  intersect  at  an  angle  of  130°  32';  hence, 
since  the  maximum  electronic  densities  associated  with  each  bond  lie  along 
a  curved  line,  the  bond  itself  may  also  be  described  as  curved.  If  the  hy¬ 
bridization  in  cj^clopropane  is  of  this  tetrahedral  type,  each  H  C  H  on 
angle  must  have  the  normal  tetrahedral  value  of  109°  28'  (or  possib  y 
a  slightly  larger  value  if  the  two  hydrogen  atoms  strongly  repel  one  an¬ 
other)  (21).  •  , 

It  is,  of  course,  possible  that,  in  cyclopropane,  the  hybridization  is  no 

tetrahedral,  but  is  instead  of  some  other  type.  However,  as  long  as  only 
the  orbitals  of  the  K  and  L  shells  are  taken  into  account,  the  smallest  pos- 
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sible  angle  between  carbon  orbitals  is  90°.  The  orbitals  which  lead  to  this 
angle  are  real  unhybridized  2 p  orbitals,  which  are  rather  poorly  concen¬ 
trated  in  their  respective  directions  (see  p.  32).  Since  these  orbitals  (like 
the  tetrahedral  ones)  point  in  the  wrong  directions  for  maximum  over¬ 
lapping  in  cyclopropane,  the  carbon-carbon  bonds  of  this  compound  would 
again  be  somewhat  curved  if  the  ring  were  formed  by  such  real  unhybridized 
2 p  orbitals.  Moreover,  if  such  were  the  fact,  the  carbon-hydrogen  bonds 
would  be  formed  by  hybrids  between  the  2s  and  the  remaining  2 p  orbitals 
of  the  carbon  atoms.  Since  these  hybrid  orbitals  project  in  exactly  opposite 
directions  from  their  respective  carbon  atoms  (cf.  the  discussion  of  the 
hybridization  in  acetylene,  pp.  38/.),  the  H— C— H  bond  angles  in  cyclo¬ 
propane  should  under  these  circumstances  be  180°  (22). 

Presumably,  the  truth  lies  somewhere  between  the  extremes  described 
in  the  two  preceding  paragraphs.  By  more  careful  analyses  of  the  cyclo¬ 
propane  problem,  Kilpatrick  and  Spitzer  (21)  have  predicted  121°  58'  for 
the  H — C — H  angle;  Coulson  and  Moffitt  (21)  have  predicted  113°.  If 
either  calculation  is  reliable,  the  hybridization  is  approximately  tetrahedral. 
The  first  experimental  measurement  of  an  exterior  valence  angle  in  any 
cyclopropane  derivative  was  based  on  the  observed  dipole  moment  of  1,2- 
dichlorocyclopropane ;  the  value  96°  thus  obtained  for  the  Cl — C — H  angle 
seems  unreasonably  small,  and  is  probably  invalidated  by  the  impurity 
of  the  sample  used  (23).  A  more  recent  and  doubtless  more  reliable  value  of 
112°  ±  4°  for  the  Cl — C — Cl  angle  in  1 , 1-dichlorocyclopropane  has  been 
obtained  by  electron  diffraction  (24).  With  cyclopropane  itself,  an  electron 
diffraction  study  (25)  has  led  to  116°  24'  for  the  H— C— H  angle.  Finally, 
by  the  use  of  a  dipole-moment  method,  the  phenyl-C-phenyl  angle  in  1 ,1- 
diphenylcyclopropane  has  been  found  to  be  116°  ±  10°  (26).  All  these 
experimental  values  (except  the  first  one  cited)  are  in  satisfactory  agree¬ 
ment  with  each  other  and  with  the  ones  predicted  (21).  It  may  therefore 
be  concluded  that,  in  accordance  with  the  theoretical  calculations,  the 
hybridization  in  cyclopropane  is  essentially  tetrahedral. 

Since,  in  cyclopropane,  the  carbon-carbon  bonds  cannot  under  any  cir¬ 
cumstances  be  strong,  the  molecule  must  have  a  comparatively  high  energy. 
Ihe  so-called  strain,  thus  produced,  has  characteristic  effects  upon  the 
properties  of  the  compound  (27).  For  example,  it  explains  the  fact  that  the 
heat  of  combustion  of  cyclopropane  is  greater,  per  CH2  group,  than  is  that 
of  any  comparable  unstrained  compound  such  as  cyclohexane  (see  below)- 
it  also  explains  partly  (and  perhaps  completely)  the  relative  ease  with  which 

all 

and 


:  ,  tApuuute  r  ly  lana  perhaps  completely)  the  relative  ease  with  whi 

the  three-membered  ring  is  broken  by  addition  reactions.  Similarly 

o  er  molecules  containing  three-membered  rings  are  likewise  strained  ’a 
hence  likewise  nnsfoKio  u’  a 


hence  likewise  unstable. 

In  four-membered  carbon  rings  (such  as  that 


in  cyclobutane),  the  over- 
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lapping  of  tetrahedral  orbitals,  although  still  not  ideal,  is  somewhat  more 
effective  than  it  is  in  three-membered  rings;  consequently,  four-membered 
rings,  although  still  appreciably  strained,  are  less  strained  than  are  three- 
membered  ones.  On  the  other  hand,  in  all  five-membered  (and  still  larger) 
rings,  the  overlapping  of  tetrahedral  orbitals  is  nearly,  if  not  quite,  as  com¬ 
plete  as  it  is  in  noncyclic  compounds;  consequently,  the  phenomena  asso¬ 
ciated  with  strain  are  not  ordinarily  observed  in  substances  containing  no 
rings  of  less  than  five  members. 


XIII.  The  Theory  of  resonance  (7,  12,  28) 

As  stated  on  p.  9,  the  wave  function  of  any  atom  or  molecule  may  be  re¬ 
garded  as  a  quantitative  description  of  the  average  distribution  of  elec¬ 
tronic  charge  in  that  atom  or  molecule;  the  square  of  the  absolute  magnitude 
of  this  function  is,  in  fact,  the  property  represented  by  the  “probability 
clouds”  of  Figs.  5-11.  The  wave  functions  set  up  (in  the  ways  described 
above)  for  specified  valence-bond  structures  are  at  best  only  approxima¬ 
tions  to  the  correct  wave  functions  of  the  corresponding  molecules.  Al¬ 
though  such  approximations  are  often  good  enough  for  many  qualitative 
purposes,  they  always  lack  quantitative  accuracy.  In  fact,  not  infrequently, 
such  wave  functions  are  not  even  good  enough  for  the  qualitative  charac¬ 
terizations  of  the  substances  to  which  they  refer.  These  more  serious  fail¬ 
ures,  however,  cannot  be  attributed  to  the  inadequacy  of  the  quantum- 
mechanical  treatment,  because  they  merely  reflect  the  more  fundamental 
inadequacies  of  the  classical  structures  which  the  wave  functions  in  ques¬ 
tion  are  designed  to  represent.  Some  of  these  inadequacies  have  long  been 
known.  For  example,  neither  of  the  Ivokule  structures  III  and  I\  accounts 
for  the  characteristic  aromatic  properties  of  benzene;  nor  does  either  one 
correctly  predict  the  number  of  isomeric  disubstituted  benzenes.  Obviously , 


A 

A 

V 

V 

CH2=CH— ch=ch2 

hi 

IV 

V 

therefore,  no  wave  function  set  up  to  represent  either  of  these  structures 
can  be  a  satisfactory  approximation  to  the  correct  function  for  the  mo  ecu  c 
A  much  less  striking  example  is  butadiene,  for  which  the  conventional  s  ruo- 
ture  V  is  not  entirely  adequate,  (cf.  pp.  47/),  and  for  which,  accordingly,  e 
corresponding  wave  function  must  be  equally  unsatisfactory. 

Long  before  quantum-mechanical  methods  had  been  appliet  to  t  le  pio 
lem  of  molecular  structure,  organic  chemists  had  realized  these  ma  equates 
of  their  structural  formulas,  and  they  had  made  considerable  efforts  to 
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devise  more  generally  satisfactory  systems  of  representation.  Hie  in¬ 
numerable  unsuccessful  attempts  to  express  the  structure  of  benzene  in 
classical  symbols  are  too  well  known  to  require  further  comment  heie.  The 
theory  of  partial  valence,  which  Thiele  (29)  applied  to  all  conjugated  sys¬ 
tems,  is  likewise  familiar.  During  approximately  the  third  decade  of  the 
present  century,  the  still  more  general  theories  of  intermediate  stages  (30) 
(Zwischenstufen)  and  of  mesomerism  (31)  were  developed  independently 
in  Germany  and  in  England.  According  to  these  last  two  theories  (which 
are  equivalent),  the  true  states  of  certain  molecules  (e.g.,  those  of  benzene 
and  of  butadiene)  cannot  be  represented  by  single  structures  of  the  classical 
type,  but  must  instead  be  described  as  intermediate  between  imaginary 
states  which  can  be  so  represented.  If  benzene  is  taken  as  an  example,  the 
Kekule  structure  III  indicates  an  average  distribution  of  electric  charge, 
which  corresponds  to  no  molecule  of  that  compound ;  similarly,  the  second 
Kekule  structure  IV  indicates  a  different  average  distribution  of  electric 
charge,  which  likewise  corresponds  to  no  actual  molecule.  Neither  struc¬ 
ture,  therefore,  is  satisfactory.  The  true  distribution  of  charge  in  benzene, 
however,  may  be  regarded  as  intermediate  between  the  two  indicated  ex¬ 
tremes.  In  other  words,  the  concentration  of  the  electrons  in  the  region  be¬ 
tween  any  two  adjacent  carbon  nuclei  is  greater  than  the  concentration 
corresponding  to  a  single  bond  between  those  atoms,  but  less  than  the 
concentration  corresponding  to  a  double  bond  between  them.  Each  carbon- 
carbon  bond  is  therefore  regarded  as  intermediate  between  a  single  bond 
and  a  double  one;  and  all  six  such  bonds  are  considered  to  be  equivalent. 
The  structure  of  the  molecule  as  a  whole  is  thus  intermediate  between  the 
two  Kekule  structures ;  hence  it  cannot  be  represented  by  any  single  symbol 
of  the  classical  type.  It  is  especially  to  be  noted  that  the  molecule  is  thought 
of,  not  as  constantly  undergoing  transitions  back  and  forth  between  the  two 
Kekule  structures,  but  as  having  a  single  structure  which  cannot  be  ex¬ 
pressed  with  the  classical  symbols,  and  which  lies  permanently  between 
these  two  extremes. 

V  ith  the  development  of  the  quantum-mechanical  treatment  of  valence, 
it  became  apparent  that  these  concepts  of  intermediate  stages  and  of 
mesomeiism  are  simple  corollaries  of  the  fundamental  mathematical 
theorems.  Thus,  if  neither  the  function  set  up  to  represent  the  Kekule 
structure  III  nor  the  function  i pIV  set  up  to  represent  the  alternative  Kekule 
structure  IV  is  satisfactory,  it  is  reasonable  to  try  the  linear  combination 


rnijiv  —  auiyni  T  Oivipiv  (74) 

If  the  numerical  coefficients  o,„  and  a„  are  chosen  so  that  the  resulting 
i  unction  vw  is  the  best  one  expressible  in  the  form  of  equation  74  , 
considerable  improvement  may  perhaps  be  achieved.  In  any  event,  the 
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best  function  i puhIV  that  can  be  expressed  by  equation  74  cannot  possibly 
be  any  worse  that  \pIU  or  \pIV  alone,  since  the  most  unfavorable  situation 
which  could  arise  would  be  that  this  best  \pmfiv  is  identical  with  \pJU  or 
with  rj/iv.  As  a  matter  of  fact,  however,  since  the  structures  III  and  IV  are 
equivalent  to  one  another,  there  is  no  reason  why  either  of  the  correspond¬ 
ing  equivalent  functions  \ pm  and  \ piy  should  contribute  more  to  the  com¬ 
bination  xpuhiv  than  does  the  other.  Consequently,  the  coefficients  aIrI 
and  aIV  must  be  of  equal  magnitude;  and  the  function  \pm,iv  can  be  de¬ 
scribed  as  halfway  between  \pm  and  \pIv.  Hence,  just  as  is  assumed  in  the 
theories  of  intermediate  stages  and  ol  mesomerism,  the  structure  of  benzene 
turns  out  to  be  exactly  halfway  between  the  two  Kekule  structures,  and 
all  six  carbon-carbon  bonds  are  equivalent.  Moreover,  since  the  function 
'piihiv  does  not,  as  time  passes,  change  from  \pni  to  \pIV  and  back  again,  the 
benzene  molecule  does  not  undergo  transitions  between  the  structures  III 
and  IV.  (The  structure  of  butadiene  will  be  taken  up  later.  See  pp.  47/.) 

The  method  just  used  to  describe  the  structure  of  benzene  can  be  gener¬ 
alized.  When  the  wave  function  of  any  molecule  is  approximated,  as  in 
equation  75,  by  a  linear  combination  i pM 

\p  m  —  22  O'i'pj  (75) 


of  simpler  functions  \pj,  each  of  which  represents  some  particular  valence- 
bond  structure,  the  molecule  (and  hence  the  substance)  is  said  to  resonate 
among,  or  better  to  be  a  resonance  hybrid  of,  all  the  structures  involved.  A 
resonating  molecule  may  also  be  said  (equivalently)  to  be  in  an  inter¬ 
mediate  stage  or  in  a  mesomeric  state  (see  above).  The  individual  structures 
may  be  said  to  resonate  with  one  another  or  to  contribute  to  the  state  of 
the  molecule. 


If  the  structures  among  which  resonance  (i.e. ,  mesomerism)  occurs  are 
not  equivalent  to  one  another,  these  structures  need  not  make  identical 
contributions  to  the  molecular  state;  in  other  words,  the  coefficients  a, 


of  equation  75  need  not  all  be  of  the  same  magnitude.  1  he  geneial  method 
for  determining  those  values  of  the  coefficients  which  give  the  best  wave 
function  \p M  for  the  ground  state  of  the  molecule  is  based  upon  the  so-called 
variation  principle  of  quantum  mechanics  (7).  I  his  principle  (a  mathemat¬ 
ical  consequence  of  the  form  of  the  Schrodinger  equation)  states  that  the 
approximate  energy  EM  calculated  for  any  approximate  function  \p.u  by 
means  of  the  equation 
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(cf.  also  equation  39  on  p.  18)  is  always  greater  than  the  correct  eigen¬ 
value  W.  (If  tv  is  the  correct  eigenfunction  of  the  molecule,  then  E M  is 
equal  to  IF;  under  no  circumstances,  however,  can  E M  he  less  than  IF.) 
Since,  therefore,  the  calculated  energy  is  always  too  high,  the  lowest  value 
of  Em  obtained  by  any  choice  of  the  coefficients  a,  is  the  one  nearest  to  the 
correct  energy  IF  of  the  molecule  in  its  ground  state.  That  is,  the  set  of 
coefficients  which  leads  to  the  lowest  possible  value  of  E  m  gives  the  best 
possible  approximation  i pM  to  the  correct  wave  function  \p.  The  closeness  of 
the  approximation  depends  not  only  upon  the  forms  of  the  functions  i/q, 
but  also  upon  the  total  number  of  structures  among  which  resonance  is 
supposed  to  occur.  In  fact,  it  can  be  shown  that  an  exactly  correct  wave 
function  can  be  obtained  (in  the  manner  described)  only  as  the  sum  of  an 
infinite  number  of  terms.  In  other  words,  an  exactly  correct  description  of 
the  state  of  a  molecule  would  require  resonance  among  an  infinite  number 
of  structures,  most  of  which,  of  course,  could  not  be  represented  graphically 
by  any  classical  symbols. 

The  remarkable  success  of  the  classical  structural  theory,  where  a  single 
structure  is  ascribed  to  each  molecule,  shows  that  highly  satisfactoiy  repre¬ 
sentations  of  many  molecules  can  be  obtained  without  any  consideration 
of  resonance.  For  example,  all  hydrocarbons  which  contain  neither  aromatic 
rings  nor  systems  of  conjugated  multiple  bonds  can  be  so  represented. 
Where  such  is  the  fact,  only  the  single  structure  assigned  by  the  organic 
chemists  to  the  substance  under  consideration  can  make  any  large  con¬ 
tribution  to  the  state  of  the  molecule;  all  other  structures  must  make  much 
smaller  (and  perhaps  even  negligible)  contributions.  That  is,  the  single 
wave  function  set  up  to  represent  the  most  important  structure  is  so  good 
an  approximation  to  the  correct  wave  function  that,  in  any  purely  qualita¬ 
tive  treatment,  linear  combinations  of  wave  functions  (cf.  equation  75) 
are  unnecessary. 

On  the  other  hand,  the  classical  structural  theory  does  not  provide  satis¬ 
factory  representations  for  certain  molecules,  such  as  those  of  the  aromatic 
and  conjugated  hydrocarbons.  With  any  such  substance,  therefore,  two  or 
more  structures  must  make  appreciable  contributions  to  the  state  of  the 
molecule;  hence,  the  correct  wave  function  is  not  very  close  to  any  func¬ 
tion  corresponding  to  a  single  structure.  Here,  resonance  must  be  taken 
into  account. 


in  lh:  f*7mentetl:egarding  the  relative  unimportance  of  resonance 

the  different  classes  of  hydrocarbon  are  based  merely  upon  the  relative 

success  of  the  organ, c  chemists  in  providing  satisfactory  single  structures 

o  e  that  the"0'8  mfqUeStionl,It.is  of  theoretical  significance,  there- 
oi e  that  the  quantum-mechan.cal  theory  of  resonance  provides  fairlv 

defimte  and  unamb.guous  rules,  by  which  it  may  be  decided  whether  ot 
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not  any  important  resonance  should  occur;  and  that  this  decision  can 
usually  be  made  without  reference  to  the  previously  determined  properties 
of  the  compound  in  question.  Fortunately,  these  rules  have  so  far  always 
led  to  the  conclusions  demanded  by  the  chemical  facts;  otherwise,  grave 
doubts  would  be  cast  upon  the  validity  of  the  theory. 

The  most  important  (but  not  the  only)  rules  governing  the  occurrence 
of  resonance  are  the  following.  (1)  No  resonance  can  occur  among  struc¬ 
tures  which  differ  greatly  in  the  relative  positions  of  their  atomic  nuclei. 
For  this  reason,  there  is  no  resonance  between  the  structures  VI  and  VII. 


CH3— CH— ch3 

I 

ch3— ch2— ch2— ch3  ch3 

VI  VII 

(2)  No  resonance  can  occur  among  structures  with  different  numbers  of 
unpaired  electrons.  For  this  reason,  there  is  in  ethylene  no  resonance  be¬ 
tween  the  structures  VIII  and  IX. 


H2C=CH,  H2C— CH2 

(No  unpaired  electrons)  (Two  unpaired  electrons) 

VIII  IX 


(3)  When  resonance  does  occur,  equivalent  structures  must  make  exactly 
the  same  contributions,  nonequivalent  structures  usually  make  different 
contributions.  More  particularly,  when  two  resonating  structures  differ  in 
stability  (i.e. ,  in  energy),  the  more  stable  one  (i.e.,  the  one  with  the  lower 
energy)  makes  the  larger  contribution  to  the  ground  state  of  the  molecule; 
the  greater  the  difference  in  stability  between  the  two  st  ructures,  the  smaller 
is  the  relative  contribution  made  by  the  less  stable  structure. 

These  rules  clearly  show  why  single  structures  have  proved  to  be  satis¬ 
factory  for  some  substances,  but  unsatisfactory  for  others.  For  no  saturated 
hydrocarbon  is  it  possible  to  write  two  almost  equally  stable  structures, 
where  the  first  is  the  classical  one  and  the  second  has  the  same  numbei  of 
unpaired  electrons  and  approximately  the  same  relative  positions  for  all 
the  atomic  nuclei.  Thus,  although  the  two  structures  X  and  XI  for  methane 


II— C:-H+ 


satisfy  the  first  two 
tainly  differ  greatly 


of  the  above  conditions  for  resonance,  they  must  cer- 
in  internal  energy  and  thus  in  stability.  I  he  second 


the  chemical 
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and  much  less  stable  one  can  make  only  a  small  contribution  to  the  state 
of  the  molecule;  hence  the  first  alone  is  a  satisfactory  approximation.  (The 
partially  ionic  structure  XI  is,  however,  of  interest  in  connection  with  the 
dipole  moment  of  the  carbon-hydrogen  bond.)  Similar  situations  are  en¬ 
countered  in  all  other  saturated  hydrocarbons,  as  well  as  in  all  unsaturated 
ones  which  contain  no  aromatic  or  conjugated  systems.  For  all  such  sub¬ 
stances,  therefore,  single  structures  are  ordinarily  satisfactory,  as  has  long 
been  known  by  organic  chemists. 

With  benzene,  on  the  other  hand,  the  two  Ivekule  structures  III  and  IV 
(p.  42)  correspond  to  relative  nuclear  positions  which  differ  only  slightly , 
also,  they  have  exactly  the  same  number  of  unpaired  electrons.  Conse¬ 
quently,  resonance  does  occur.  Since,  in  addition,  the  two  Kekule  stiuc- 
tures  are  equivalent,  they  must  make  identical  contributions.  No  single 
structure,  therefore,  can  adequately  represent  benzene.  The  situation  with 
any  other  aromatic  hydrocarbon  is  closely  similar  to  that  with  benzene  it¬ 
self.  Thus,  resonance  between  the  Kekul6  structures  must  be  important  in 
all  the  homologues  of  benzene.  Moreover,  the  higher  condensed  aromatic 
ring  systems  permit  still  more  complex  resonance.  With  naphthalene,  for 
example,  the  three  structures  XII-XIV  must  be  taken  into  account.  Al- 


w 

XII 


XIII 


AA 


W 

XIV 


though  only  the  last  two  of  these  are  equivalent,  all  three  must  be  of  ap¬ 
proximately  the  same  stability,  and  so  each  of  the  three  must  make  approxi¬ 
mately  the  same  contribution  to  the  state  of  the  molecule.  As  may  readily 
be  verified,  four  structures  analogous  to  XII-XIV  can  be  written  for  anthra¬ 
cene,  five  can  be  written  for  phenanthrene,  and  so  on. 

Butadiene  is  a  substance  intermediate  between  the  saturated  and  the 
aromatic  hydrocarbons.  For  this  compound,  only  one  classical  structure  V 
can  be  written.  It  must  be  supposed,  therefore,  that  this  structure  makes  a 
larger  contribution  to  the  ground  state  than  does  any  other  presumably 

H2C=CH  CH=CH»  H2C— CH=CH— CH2  H2C— CH=CH— CH- 

v  : . .  \ _ /  ' 

V  XV  xvr 

less  stable  one.  Consequently,  this  single  structure  V  has  been  found  ade¬ 
quate  for  most  purposes.  Nevertheless,  the  characteristic  properties  of 
butadiene,  which  are  usually  attributed  to  the  conjugated  pair  of  double 
bonds  are  not  satisfactorily  accounted  for  by  structure  V.  The  1 ,4-addition 
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ot  hydiogen  and  of  the  halogens,  for  example,  is  explained  more  easily  by 
some  structure  such  as  XV. 

this  latter  structure  has  the  following  significance.  The  various  atomic 
nuclei  occupy  the  same  relative  positions  in  both  structures  V  and  XV;  the 
first  condition  for  resonance  is  therefore  satisfied.  The  dotted  line  in  XV 


represents  a  formal  bond,  which  is  due  to  the  pairing  of  two  electrons  located 
in  orbitals  on  the  two  atoms  thus  joined.  Since  the  number  of  impaired 
electrons  in  both  V  and  XV  is  zero,  the  second  condition  for  resonance  is 
also  satisfied.  The  formal  bond  of  structure  XV  is  sometimes  represented 
by  a  full  line  (as  in  XVI),  rather  than  by  a  dotted  line.  Such  a  symbol,  how¬ 
ever,  easily  leads  to  confusion,  since  it  tends  to  obscure  the  important 
distinction  between  an  actual  (or  effective)  bond  joining  adjacent  atoms 
and  a  formal  bond  joining  more  distant  atoms.  An  effective  bond,  since  it 
has  considerable  strength,  markedly  increases  the  stability  of  the  structure 
in  which  it  occurs;  on  the  other  hand,  a  formal  bond,  since  it  has  practically 
zero  strength,  does  not  appreciably  increase  the  stability  of  the  structure  in 
which  it  occurs. 

Although  there  should  be  resonance  between  structures  V  and  XV,  it 
should  not  be  very  important,  since  the  number  of  effective  bonds  in  the 
former  structure  is  one  more  than  the  number  in  the  latter;  consequently, 
the  former  must  be  considerably  the  more  stable  of  the  two.  However,  since 
the  effective  bond  present  in  structure  V  but  absent  in  structure  XV  is  of 
the  relatively  weak  7 r  type,  the  difference  in  stability  between  structures  V 
and  XV  may  not  be  great  enough  to  prevent  XV  from  making  a  significant, 
although  small,  contribution.  Indeed,  approximate  numerical  calculations 
(32),*  which  cannot  here  be  further  described,  have  strongly  suggested  that 
the  resonance  in  butadiene  is  not  negligible.  In  fact,  although  the  classical 
structure  V  of  butadiene  (or  the  analogous  structure  of  any  other  substance 
with  conjugated  multiple  bonds)  is  adequate  for  most  purposes,  it  is  never¬ 
theless  not  quite  as  accurate  as  might  be  desired  for  all  purposes,  since  the 
small  contribution  of  the  unstable  structure  with  a  formal  bond  (like  X^  ) 
exerts  an  appreciable  influence. 

If  resonance  between  the  structures  V  and  XV  is  admitted  in  butadiene, 
there  is  no  logical  reason  to  ignore  the  possibility  of  resonance  in  propylene 


CHo — CH=CH» 


H 

XVII 


ch,=ch— ch2 

11 . : 

XVIII 


between  such  structures  as  XVII  and  XVIII  (33).  Here  again,  the  number 
Of  effective  bonds  in  the  classical  structure  (XVII)  is  one  greater  than  the 


*  For  analogous  calculations 
Huckel,  reference  14, 


from  the  molecular-orbital  point  of  view,  see  F. 


49 


THE  CHEMICAL  BOND  IN  HYDROCARBON  MOLECULES 

number  in  the  less  stable  structure  (XVIII),  so  that  the  former  must  make 
much  the  larger  contribution,  particularly  since  the  bond  present  in  XVII 
but  absent  in  XVIII  is  of  the  relatively  strong  a  type.  Although,  with 
propylene,  there  is  no  possibility  of  1,4-addition,  evidence  for  a  small 
amount  of  resonance  between  structures  XVII  and  XVIII  has  nevertheless 
been  obtained  from  thermochemical  (see  below)  and  spectroscopic  data  (33). 
Such  resonance  is  commonly  referred  to  as  hyper  conjugation  or  as  no-bond 
resonance ;  it  can  occur  in  any  alkyl-substituted  olefin,  acetylene,  01  aromatic 
hydrocarbon. 

To  chemists,  the  most  important  effect  of  resonance  is  its  influence  upon 
the  energy  of  the  molecule  in  which  it  occurs.  For  the  ground  state  of  the 
molecule  M  (see  the  above  discussion  of  the  variation  principle),  the  best 
linear  combination  i pM  of  functions  i/q  is  the  one  which  leads  to  the  lowest 
possible  value  of  the  calculated  energy  E M.  Hence,  the  energy  of  the  reso¬ 
nance  hybrid  is  necessarily  lower  than  that  of  even  the  most  stable  of  the 
contributing  structures.  The  resonance  energy  of  the  compound  is  defined 
as  the  energy  of  the  most  stable  structure  minus  that  of  the  hybrid.  Reso¬ 
nance  energy  is  therefore  always  positive;  it  thus  provides  a  convenient 
quantitative  measure  for  the  effectiveness  of  the  resonance.  In  benzene, 
where  two  structures,  III  and  IV,  make  equal  and  large  contributions,  the 
resonance  energy  should  be  large;  in  butadiene,  where  only  one  structure, 
V,  makes  a  large  contribution,  the  resonance  energy  should  be  rather  small; 
in  methane,  where  the  resonance  is  negligible,  the  resonance  energy  should 
also  be  negligible. 

A  practical  experimental  method  for  measuring  resonance  energies  de¬ 
pends  on  the  empirical  rule  that  the  heat  of  combustion  of  a  nonresonating 
substance  can  be  calculated  as  the  sum  of  terms  corresponding  to  the  various 
bonds  in  the  molecule.  Thus,  the  heat  of  combustion  of  ethane  is  six  times 
the  heat  corresponding  to  a  carbon-hydrogen  bond  plus  one  times  that 
corresponding  to  a  carbon-carbon  single  bond.  When  the  bond  values  which 
gh  e  the  most  satisfactory  results  with  nonresonating  substances  are  used 
to  calculate  the  heat  ot  combustion  of  a  resonating  substance,  the  value 
calculated  for  the  most  stable  structure  is  always  greater  than  the  observed 
value.  V  ith  benzene,  for  example,  a  single  Kekule  structure  (III  or  IV) 
leads  to  a  predicted  heat  of  combustion  equal  to  about  829  kcal.  per  mole 
(for  the  gaseous  substance),  whereas  the  experimental  value  is  only  about 
'88  kca  '  Per  ™le  <34)-  The  difference  between  these  two  quantities  (ap¬ 
proximately  41  kcal.  per  mole)  represents  the  excess  stability  of  benzene 
over  the  stability  which  that  compound  would  have  if  it  had  either  one  of 

ie  Kekule  structures.  In  other  words,  the  resonance  energy  of  benzene  is 

^“^(36  ke  T  m0'e,  different’  and  doubtless 

accui  ate  value  (3b  kcal.  per  mole)  has  been  obtained  by  a  similar  treat 
ment  of  the  heat  of  hydrogen ation  of  benzene  (35,  36).  With  other  aromatic 
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systems,  the  resonance  energies,  determined  in  the  ways  described,  are 
found  to  be  equal  approximately  to  36  kcal.  per  mole  for  each  aromatic 
ring  in  the  molecule  (34,  36).  lhat  of  toluene,  like  that  of  benzene  itself, 
is  not  far  from  36  kcal.  per  mole;  that  of  naphthalene  is  not  far  from  2  X  36, 
oi  72,  kcal.  per  mole;  that  of  either  anthracene  or  phenanthrene  is  not  far 
irom  3  X  36,  or  108,  kcal.  per  mole.  On  the  other  hand,  with  the  simple 
conjugated  substances,  such  as  butadiene,  the  resonance  energies  (as  might 
be  expected)  are  much  smaller.  That  of  butadiene  (35,  36),  is  about  3.5 
kcal.  per  mole;  that  of  cycloheptatriene  (36,  37)  is  about  6.7  kcal.  per  mole. 
Even  fa/perconjugation,  as  it  occurs  in  propylene,  seems  to  lead  to  an  ap¬ 
preciable  stabilization  which,  rather  unexpectedly,  is  approximately  as 
large  as  that  resulting  from  the  ordinary  conjugation  in  butadiene  and  its 
analogues. 

The  exceptionally  large  resonance  energies  of  benzene  and  other  aromatic 
hydrocarbons  are  doubtless  the  major  cause  of  the  characteristic  differences 
in  behavior  between  these  substances  and  the  unsaturated  aliphatic  com¬ 
pounds.  For  example,  in  the  course  of  any  reaction  which  benzene  under¬ 
goes,  the  resonance  in  the  ring  must  be  more  or  less  disturbed.  Since  any 
such  interference  with  the  resonance  should  presumably  decrease  the  reso¬ 
nance  energy,  and  hence  also  the  stability  of  the  system,  the  relative  un¬ 
reactivity  of  benzene  is  thus  explained. 

The  structure  of  cyclooctatetraene  is  not  yet  entirely  clear.  Although  this 
substance  may  be  presumed  to  resonate  between  the  two  Kekul6-like  struc¬ 


tures  XIX  and  XX,  resonance  need  not  here  be  as  effective  as  it  is  in  ben¬ 
zene.  If  the  molecule  is  planar,  the  two  structures  are  equivalent,  and  hence 
the  resonance  energy  should  be  rather  large;  each  structure  separately,  how¬ 
ever,  is  then  made  relatively  unstable  by  the  strain  due  to  the  distortion 
of  the  C — C=C  bond  angle  from  its  normal  value  of  about  120°  to  the  value 
of  135°  characteristic  of  a  regular  plane  octagon.  Because  of  this  strain,  the 
resonance  hybrid  may  be  more  stable  if  the  ring  is  not  planar,  but  puckeied 
(38).  Two  different  puckered  forms  may  be  considered.  If  either  of  the 
structures  XIX  and  XX  is  unstrained,  the  other  must  be  highly  strained 
by  the  required  rotations  about  its  double  bonds  (cf.  p.  37);  under  these 
conditions  the  resonance  energy  should  be  small  because  the  resonating 
structures  differ  greatly  in  energy.  A  second  possibility  (preferred  by  en- 
ney  (38))  is  that  the  two  puckered  structures  are  equivalent  to  each  other 
(as  are  the  two  planar  structures),  but  that  each  is  somewhat  strained  by 
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the  rotations  about  its  double  bonds;  this  strain  would  then  decrease  both 
the  stabilities  of  the  individual  structures  and  the  magnitude  of  the  reso¬ 
nance  energy.  Evidently,  no  matter  which  of  these  alternatives  is  correc  , 
cyclooctatetraene  can  hardly  have  the  exceptional  stability  of  an  aromatic 
substance.  This  expectation  is  confirmed  experimentally  by  the  observa¬ 
tion  (39)  that,  in  the  liquid  state,  cyclooctatetraene  is  about  34  kcal.  per 


C«H6 — CH=CH2 
XXI 


mole  less  stable  than  the  isomeric  styrene  XXI.  Moreover,  from  an  x-ray 
study  of  the  crystalline  compound  (40),  it  has  been  concluded  that  the 
ring  is  puckered,  and  that  the  lengths  of  the  carbon-carbon  bonds  are  al¬ 
ternately  1.34  and  1.54  A.  Since  these  are  just  the  lengths  which  would  be 
expected  to  obtain  in  a  single  Kekul6-like  structure  (XIX  or  XX),  the 
resonance  once  more  appears  to  be  relatively  unimportant.  On  the  other 
hand,  electron-diffraction  methods  (41)  indicate  that  in  cyclooctatetraene 
all  the  carbon-carbon  bonds  are  equivalent  and  that  each  such  bond  is  only 
about  2%  longer  than  a  ring  bond  in  benzene.  These  conclusions  are  in¬ 
consistent  both  with  the  thermochemical  and  with  the  x-ray  data. 

Resonance,  besides  decreasing  the  energies  of  many  compounds,  exerts 
numerous  effects  upon  their  other  properties  (28).  For  example,  the  inter¬ 
atomic  distances  in  a  resonating  molecule  are  ordinarily  intermediate  be¬ 
tween  the  distances  characteristic  of  the  important  contributing  structures; 
and  the  same  is  true  also  of  the  stretching  force-constants.  Moreover,  im¬ 
portant  effects  of  resonance  upon  dipole  moments,  ultraviolet  and  visible 
absorption  spectra,  etc.  have  also  been  observed.  Many  of  these  additional 
features  of  the  resonance  theory  are  treated  in  other  chapters  of  this  book;  to 
these  the  reader  is  referred. 
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Introduction 

In  this  section  the  contributions  of  infrared  and  Raman  spectra  will  be 
treated  lightly  because  other  sections  of  the  book  will  go  into  these  two 
s  m  muc  greater  detail.  A  few  of  the  fundamental  concepts  and  the 

briefly  outlined!^  meaS,'“s  *<’  "Ocular  structures  will  he 

Ihe  subjects  of  x-ray  and  electron  diffraction  will  be  reviewed  in  much 
greater  detad  ,n  that  the  applicable  theory  will  be  consider",  h"  "ach  in 
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dividual  case,  i.e.,  the  diffraction  of  x-rays  by  liquids  and  electrons  by 
gases,  etc.  The  order  of  presentation  was  selected  because  of  the  fact  that 
the  theories  of  x-ray  and  electron  diffraction  by  free  molecules  in  the  gaseous 
state  are  very  similar  and  the  development  presented  for  the  former  could 
easily  be  carried  over  into  the  latter. 

In  all  cases  the  emphasis  has  been  on  the  theoretical  bases  and  the 
methods  of  obtaining  structural  results  from  them.  Experimental  methods 
have  not  been  considered  but  adequate  references  are  included.  The  in¬ 
dividual  results  obtained  for  various  compounds  have  not  been  considered 
in  detail  but  rather  have  been  collected  into  complete  tables  accompanied 
by  a  general  discussion  elaborating  on  some  of  the  more  outstanding  facts 
presented  in  the  tabulated  data. 

I.  Infrared  Absorption  Spectra 
theory 

Radiation  in  the  infrared  region  (1-200/x)  of  the  spectrum  may  be  absorbed 
by  molecules  whose  composition  and  configuration  are  such  that  a  differ¬ 
ence  in  electric  moment  exists  between  various  quantum  states. 

The  long  wavelength,  40-200m,  (far  infrared)  region  of  the  spectrum  yields 
information  about  the  rotational  energy  states  of  the  molecule.  These 
energy  states  are  quantized  and  are  designated  by  the  quantum  number  J. 
The  Schrodinger  equation  can  be  interpreted  to  yield  the  rotational  energy 
Ej  of  a  diatomic  molecule  around  an  axis  perpendicular  to  the  line  joining 

the  nuclei  as 


Ej  = 


h2 


8tt2/ 


J(J  +  1) 


(1) 


where  h  is  Planck’s  constant,  and  /  is  the  moment  of  inertia  of  the  mole¬ 
cule.  J  may  be  zero  or  any  integer.  n 

Selection  rules  limit  rotational  transitions  to  those  where  A.7  -  1  or  U. 

When  such  a  change  occurs  equation  (1)  may  be  written  as 


A  Ej  =  hcv  = 


h2 


87 r2/ 


2  J 


(2) 


or 


h 


47t2c/ 


J 


(3) 


where  ,  is  the  frequency  of  the  radiation  in  wave  numbers,  and  c  is 
the  velocity  of  light.  As  ./  assumes  successive  integers  it  is  obvious  that  the 

of  equation  (3)  and  hence  the  moment  of  inertia  of  the  molecule 
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estimated.  If  the  atoms  comprising  the  molecule  are  ol  known  mass  then 
the  bond  lengths  can  be  computed.  These  measurements  in  the  far  infra¬ 
red  region  are  experimentally  difficult  and  measurements  have  been  carried 
out  on  only  a  few  molecules. 

A  far  more  suitable  region  for  experimental  work  is  that  of  the  near  in¬ 
frared  (1— 40m).  In  this  region  it  is  the  vibrational  spectra  of  the  molecules 
that  govern  the  frequencies  of  the  lines.  These  vibrational  states  are  also 
quantized  and  designated  with  the  quantum  number,  v.  A  characteristic  of 
these  vibrational  states  is  that  each  possesses  a  fine  structure  composed  of 
the  rotational  spectra  possible  in  that  vibrational  state. 

Wave  mechanics  has  provided  the  equations  for  this  system  regarding 
the  vibrations  as  that  of  a  harmonic  oscillator,  yielding 


Ev  =  (y  \)hc(j), 


(4) 


where  Ev  is  the  energy  in  state  v,  and  we  is  the  equilibrium  frequency  of  the 
oscillator.  As  v  changes  from  1  to  2,  etc.  the  transition  to  v  =  0  produces 
successively,  the  fundamental  frequency,  the  first  overtone,  etc.,  and  these 
bands  have  wavelengths  in  the  ratio  of  1  to  1/2  to  1/3.  By  measurement  of 
band  position,  coe  can  be  evaluated.  Knowing  these  values,  and  the  separa¬ 
tion  of  the  atoms  from  rotational  spectra  or  otherwise  it  is  possible  to  calcu¬ 
late  the  force  constant  (restoring  force  per  centimeter  displacement)  of 
the  bond,  and  hence  have  a  measure  of  its  strength. 

For  a  more  detailed,  though  short  review  of  this  subject,  the  reader  is 
referred  to  Glassstone  (1)  and  for  more  complete  details  to  Herzberg  (2). 


II.  Raman  Spectra 


1.  THEORY 


If  a  molecule  is  irradiated  with  monochromatic  light  the  electrons  in  the 
molecule  are  periodically  displaced  by  the  electric  vector  of  the  incident 
radiation,  thus  inducing  a  dinnlp  Thp  Hinplp  - -  _ 
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In  polyatomic  molecules  the  mechanical  motions  are  somewhat  compli¬ 
cated  and  the  determination  of  the  kinetic  and  potential  energies  requires  a 
“normal  coordinate”  (3)  treatment.  The  wavelengths  of  the  scattered  ra¬ 
diations  are  determined  and  the  force  constants  for  the  various  bonds  are 
computed.  In  a  manner  analagous  to  infrared  absorption  spectra  the 
strength  of  bonds  can  lie  evaluated  and  hence  a  measure  of  the  chemical 
reactivity  of  that  bond  is  obtained.  The  significance  of  such  measurements 
has  been  considered  by  Kronig  (4).  Reviews,  both  short  and  long,  by 
Murphy  (5)  and  Glockler  (G)  are  available  on  this  subject  as  well  as  more 
complete  treatises  by  Kohlrausch  (7). 


2.  RESULTS 

Only  a  few  compounds  will  be  considered  at  this  point  because  they  have 
been  more  completely  treated  under  diftraction,  but  they  veil  illustiate 
the  agreements  observed. 

Herzberg  (2)  shows  that  the  structure  of  tetrahedral  methane  is  com¬ 
pletely  determined  by  one  distance,  namely  C-H,  and  that  this  may  be 
computed  from  the  spectral  data  to  be  1.094  A.  Assuming  this  C-H  distance 
to  exist  in  ethane,  the  moments  of  inertia  calculated  tor  this  molecule  allow 
the  C-C  distance  to  be  determined  as  1.573  A.  and  the  HCH  angle  as  112  - 
12'.  It  will  be  seen  that  these  values  are  in  excellent  agreement  with  those 

obtained  by  the  diffraction  methods. 

Cyclohexane  was  assigned  its  possible  structural  types  by  the  chemists. 
These  were  the  “tub”  and  “chair”  (puckered  ring)  forms.  The  former  re¬ 
tired  free  rotation  about  the  carbon-carbon  bonds.  The  chair  model  cor- 
responds  to  a  much  higher  degree  of  symmetry  than  the  tub.  Langset.h  and 
Bale  (8)  used  the  Raman  effect  to  study  this  compound  and  some  ol  its 

deutero-compounds  and  concluded  that  hindered  rotation  around  the  car¬ 
bon-carbon  bonds  favored  the  puckered  ring.  As  will  be  shown  atei ,  this 
conclusion  is  in  complete  agreement  with  results  obtained  by  ditl, action 

methods. 

III.  X-Ray  Diffraction  by  Crystals 

1.  THEORY  OF  CRYSTAL  DIFFRACTION 

V  ravs  localise  they  can  be  produced  with  wave  lengths  very  nearly  the 

aroun<?^^^Sa^"^I^C^^se^u!).n^et^™'np”^J1cejjl^1gf^x?fa^e^s  ade- 

Bragg  and  Bragg  (ft),  Bunn  (10), 

x-ray  diffraction  by  crystals  by  Friedrich 
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el  al.  (12)  many  theoretical  and  practical  advances  have  made  it  a  most 
useful  device  in  the  study  of  crystalline  materials.  The  diffraction  of  x-rays 
by  three  dimensional  crystals  depends  fundamentally  on  Bragg’s  law  (13). 

n  X  =  2d  sin  6  (5) 


where  n  is  an  integer,  A  the  x-ray  wavelength,  6  the  angle  between  the  in¬ 
cident  x-ray  beam  and  the  atomic  planes,  and  d  the  interplanar  spacing. 

One  of  the  simplest  applications  of  this  law  is  powder  diffraction  of  ran¬ 
domly  oriented,  polycrystalline  materials  first  used  by  Debye  and  Scherrer 
(14).  This  powder  diffraction  is  mainly  useful  for  identification  and,  in  a 
few  cases,  for  structural  determinations;  see  (9),  (10). 

The  determination  of  structures  is  usually  carried  out  on  small  single 
crystals  of  the  material  under  consideration  because  the  identification  and 
measurement  of  the  reflections  can  always  be  uniquely  made  with  single 
crystal  data.  Because  positions  of  atoms  cannot  be  observed  directly,  struc¬ 
tures  containing  them  must  be  determined  indirectly.  For  such  an  analysis 
a  small  crystal  is  mounted  so  that  a  definite  predetermined  orientation  with 
respect  to  the  x-ray  beam  is  maintained.  Techniques  of  producing  single 
crystal  diagrams  are  discussed  in  detail  by  Buerger  (15)  and  Bunn  (10). 

Thus,  if  a  crystal  is  mounted  so  that  a  collimated  beam  of  monochromatic 
x-rays  passes  through  it  normal  to  one  of  its  axes  and  if  it  is  rotated  about 
this  axis  to  satisfy  the  Bragg  relationship  (equation  5)  with  as  many  crystal 
planes  as  possible,  a  photograph  of  the  diffracted  radiation  can  be  obtained 
which  is  characterized  by  spots  lying  along  distinct  “layer  lines.”  These 
layer  lines  can  be  used  to  determine  the  periodic  repeat  distance  (the  edge 
length  of  the  unit  cell)  along  the  rotation  axis.  By  suitable  mounting  this 
process  can  be  repeated  for  each  axis.  Bragg’s  law  (equation  5)  and  the 
geometry  ot  the  apparatus  supply  all  the  necessary  data  to  determine  these 
cell  edges.  For  the  less  symmetrical  types  of  crystals  complications  are  in¬ 
troduced  requiring  more  detailed  study  and  the  determination  of  the  angles 
between  the  axes. 


The  reflections  along  the  equator  or  zero  layer  line  are  formed  by  crystal 
p  anes  that  were  vertical  during  the  exposure  while  those  above  and  below 
this  equator  represent  fixed  orientations  for  various  sets  of  planes. 

ihe  procedure  of  assigning  designations  to  these  planes  is  known  as  “in¬ 
dexing  and  in  all  except  hexagonal  crystals  three  “Miller  Indices”  uniquely 
efine  each  set  of  planes.  These  indices,  h,  k,  and  l,  serve  to  identify  every 

erh?S  a  rF  an]°  u  glVv!ng  the  number  ot  eciual  parts  into  which  each  unit  cell 

would  ctl’th?  y  T  f  *  0f  PlT8'  In  thiS  way  a  plane  havin«  indices  310 
pa  aUel  l  "T  th‘'ee  partS’  the  6  “*>  unit,  and  he 

a^ntt  “0D3  °n  ~  - 
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It  is  possible,  by  a  variety  of  analytical  and  graphical  methods,  to  assign 
indices  to  every  diffraction  spot  on  oscillation  diagrams  and  identify  the 
particular  crystal  plane  producing  that  spot. 

The  processing  of  indexing  this  type  of  diffraction  diagram  is  greatly 
facilitated  by  the  use  of  the  “reciprocal  lattice”  introduced  by  Ewald  (16). 
This  concept  simplifies  the  geometrical  problems  of  diffraction  and  the 
direction  of  x-ray  reflections.  A  condensed  treatment  is  given  by  Fankuchen 
(17)  and  in  more  detail  from  the  standpoint  of  theory  and  method  by  Bunn 
(10),  Buerger  (15),  and  the  International  Tables  (18). 

Even  the  most  precise  knowledge  of  the  unit  cell  dimensions  cannot  be  ex¬ 
pected  to  lead  to  any  definite  conclusions  regarding  the  molecular  shape, 
even  under  such  conditions  that  the  molecules  are  all  oriented  similarly. 
However,  the  knowledge  of  the  cell  dimensions  can  set  certain  limitations 
on  molecular  size  and  shape. 


Up  to  this  point,  no  mention  has  been  made  of  the  contributions  of  in¬ 
dividual  atoms  to  the  amplitude  of  scattering  by  the  crystal  planes.  These 
atoms  scatter  by  virtue  of  their  electron  clouds  and  hence  in  relationship  to 


their  atomic  numbers,  the  atoms  of  higher  atomic  number  being  more 
powerful  scatterers.  It  is  possible  to  conceive  of  wave  fronts  in  crystals 
scattered  by  planes  having  different  atomic  compositions  and  hence  scat¬ 
tering  waves  of  varying  amplitudes.  Further,  depending  upon  the  path  of 
these  waves  in  the  crystal  their  recombination  would  produce  an  in-phase 
condition  for  only  certain  particular  angles  and  interplanar  spacings.  Con¬ 
sequently,  the  magnitude  of  these  amplitudes  and  their  phasal  relationships 
determine  the  amplitude  of  the  reflected  beams.  As  the  intensities  of  these 
rays  are  proportional  to  the  squares  of  the  amplitudes,  consideration  of 
these  intensities  with  respect  to  the  scattering  planes  producing  them  can 
give  information  about  the  atoms  composing  them,  and  their  positions  re  a- 


tive  to  the  planes.  . 

This  qualitative  picture  will  be  treated  briefly  from  a  quantitative  view¬ 
point.  The  atomic  structure  factor  /  (scattering  form)  of  tach  atom  in 
creases  with  the  atomic  number  and  decreases  with  the  sme  of  the  angle 
at  which  the  scatter  occurs.  Because  the  dimensions  of  the  electron  cloud 
Of  an  atom  are  of  the  order  of  magnitude  of  the  x-ray  wavelength  it  cannot 
be  considered  to  be  a  scattering  point.  When  an  x-ray  wave  front  passes 
through  this  cloud  interferences  are  formed  within  it  and  become  more 
significant  as  the  scattering  angle  increases  (atoms  m  planes  wi  ■ 
spacing)  For  this  reason  curves  are  usually  given  for /as  a  function  ot  (sin 


THE  MOLECULAR  STRUCTURE  OF  HYDROCARBONS 


61 


tional  to  (1  +  cos2  20)/2.  This  decreases  the  amplitude  up  to  angles  of  26  = 
90°  and  then  increases  it.  The  Lorentz  factor,  L,  is  another  angle  factor- 
depending  upon  the  time  the  rotating  crystal  remains  in  reflecting  position. 
This  factor  varies  with  the  geometry  of  the  reflections  and  charts  evaluating 
it  are  given  by  Cox  and  Shaw  (21).  Other  factors  relative  to  thermal  vibra¬ 
tions  of  the  atoms  and  adsorption  of  the  scattered  radiation  in  the  crystal 
itself  are  fully  treated  in  Bragg  (9)  and  Bunn  (10).  The  complete  equation 
for  a  single  crystal  rotation  photograph  with  a  crystal  of  volume,  V ,  com¬ 
pletely  bathed  in  radiation  is  given  by 


p  = 


Eco 

ZT 


N2eV  2  3  /I  +  cos2  20 V  cos  6 
4tt m2c4  T^\  sin  26  /\\/(cos2  </>  —  sin20) 


TA 


(6) 


where  p  is  the  integrated  intensity,  E  is  the  total  energy  in  a  reflected  beam 
when  the  specimen  has  been  rotating  time,  r,  at  angular  velocity  co,  N,  the 
number  of  unit  cells  per  unit  volume,  e,  the  electronic  charge,  m,  the  elec¬ 
tronic  mass,  X,  the  wavelength,  c,  the  velocity  of  light,  F,  the  structure 
amplitude  of  the  beam  considered,  and  p  is  the  multiplicity  of  the  reflecting 
planes  as  determined  by  the  symmetry  around  the  axis  of  rotation.  The  last 
trigonometric  expression  contains  the  polarization  and  Lorentz  factors,  with 
0  the  angle  between  the  reflecting  plane  and  the  axis  of  rotation,  while 
T  and  A  are  the  thermal  vibration  and  absorption  factors,  respectively. 

The  situation  which  we  are  interested  in  is  the  arrangement  of  the  atoms 
within  the  crystal  and  any  attempt  to  discover  this  arrangement  would 
require  a  knowledge  of  its  effect  upon  the  scattered  intensities.  To  obtain 
this  information  it  is  necessary  to  compound  all  the  waves  scattered  from 
the  different  atoms,  whatever  their  locations.  This  can  be  done  graphically 
but  in  practice  is  usually  done  analytically  as  follows: 


F2  =  A2  +  B 2 

A  cos  2ir(hxn  4-  kyn  -f-  lzn ) 

n 

B  =  £/»  sin  2tt  (hxn  +  kyn  +  lZn) 


(7) 

(8) 

(9) 


where  xn,  yn,  zn  are  the  coordinates  of  atoms  expressed  as  fractions  of  the  unit 
cell  edges. 

In  this  way,  the  intensity  of  each  reflection  can  be  computed  for  a  given 
s  ructure.  For  complete  details  and  sample  calculations  see  Bunn  (10). 

2.  THE  DEDUCTION  OF  ACTUAL  STRUCTURES 

a  Trial  and  Error  Method.  As  has  been  shown,  a  knowledge  of  the  atomic 
positions  in  a  crystal  allows  the  complete  computation  of  the  dimacTed 
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beam  positions  and  their  intensities.  Therefore,  if  it  is  possible,  with  the  aid 
of  cell  dimensions,  optical  data,  etc.,  to  assign  a  proposed  structure  to  a 
crystal,  a  computation  using  the  above  formulas  allows  a  check  to  be  made. 
If  agreement  is  good  the  structure  may  usually  be  presumed  to  be  correct, 
if  agreement  is  fair  the  positions  of  atoms  may  be  shifted  and  the  intensities 
recomputed  in  an  attempt  to  locate  the  correct  positions,  and  if  no  agree¬ 
ment  is  obtained  a  new  structure  may  be  tried.  Best  results  are  obtained 
by  this  method  when  simple  substances  are  studied  or  when  sufficient  evi¬ 
dence  about  similar  structures  is  available  to  assist  in  the  assignment  of 
logical  possibilities. 

In  the  determination  of  actual  structures  the  various  symmetry  elements 
allow  an  assignment  of  the  structure  to  one  of  the  230  possible  space  groups. 
Knowledge  of  the  correct  space  group,  because  of  these  symmetry  elements 
is  of  considerable  assistance  in  the  location  of  the  exact  atomic  positions. 
Various  short  cuts  to  the  intensity  calculations  have  been  proposed  as  well 
as  an  optical  diffraction  method  by  Bragg  (22)  which  avoids  all  calculation 
of  amplitudes. 

b.  Electron  Density  Diagram.  This  method  of  approach  is  the  reverse  of 
the  procedure  just  discussed  in  that  the  diffracted  intensities  are  used  in  an 
attempt  to  deduce  the  structure  producing  them.  This  direct  method  has 
one  major  difficulty  associated  with  its  application  m  that  it  is  not  generally 
possible  to  decide  from  experiment  what  are  the  phase  angles  of  the  various 
diffracted  beams  with  respect  to  the  origin  chosen  in  the  unit  cell. 
On  occasion,  knowledge  about  the  structure  from  other  sources  allows  the 
phase  angle  to  be  decided  upon,  or  a  trial  and  error  method  may  aid.  In 
such  cases  a  “Fourier  Analysis”  of  the  intensity  data  leads  to  a  direct  de¬ 
termination  of  the  electron  density  as  a  function  of  the  unit  cell  coordinates. 
As  the  positions  of  high  electron  densities  are  always  about  atomic  nuclei  a 
method  of  locating  atoms  is  provided.  The  mathematical  expression 

involved  in  this  analysis  is 


+00  v 

Fhki  cos  2 Tr(hx  +  k-y  +  Iz  +  ai>ki) 


Pxyz 


V 


(10) 


where  p„.  is  the  electron  density  at  position  xyz,  V,  the  volume  of  the  unit 
cell  FU,  the  structure  amplitude  for  the  reflection  hkl,  and  m,  the  phase 
angle  of  the  reflection.  The  term  represents  the  structure  amplitude  ol 
the  zero  order  diffraction  and  is  equivalent  to  the  number  of  electrons  pei 

"tiThis  way  the  electron  density  at  any  point  in  the  cell  becomes  deter- 
minable  The  effort  involved  in  such  a  synthesis  is  enormous  except 
verv  sLle  structures  and  is  seldom  carried  out.  Rather,  two  dimensional 
lynthel  arf  the  rule  allowing  the  determination  of  electron  density  as 
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projected  on  any  chosen  plane  in  the  cell.  For  complete  details  on  Fourier 
analysis  see  Robertson  (23),  and  for  methods  of  obtaining  phase  angles  see 
Bunn  (10).  An  example  of  this  direct  determination  is  that  of  stilbene  (24) 
whose  electron  map  is  shown  as  Fig.  1 . 

Therefore,  if  it  is  possible  by  either  of  the  two  methods  just  considered 
to  arrive  at  the  exact  positions  of  the  atoms  in  the  crystal,  it  is  possible  to 
measure  or  compute  the  atomic  radii  and  bond  lengths.  Further,  in  molec¬ 
ular  structures  the  closest  approach  of  molecules  can  be  measured  and  the 
spatial  configurations  of  the  individual  molecules  be  revealed.  Having  the 


actual  bond  distances  allows  a  calculation  as  to  bond  strength  by  its  short¬ 
ening  in  particular  structures  or  a  determination  of  the  extent  of  resonance, 
h  oi  a  complete  discussion  of  bonds  see  Pauling  (25). 


3.  the  results  op  x-ray  diffraction  by  crystals 

In  this  section  the  various  types  of  hydrocarbons  are  grouped  in  Table  I 
and  the  detailed  results  for  individual  members  will  be  given  within  each 
™tual  crystallographic  data  on  nearly  all  hydrocarbons 


TABLE  I 


Compound 


1.  Aliphatics 
CH4,  Methane 
C2H6,  Ethane 

C -II i6,  n-Heptane 

/1-C29H60 

W-C30H62 

n-C35H72 1 
n-C6oHi22j 

n-CnH2rt+.2(n  =  1000) 


Tolane 


2.  Cycloparaffins 

Colin,  Cyclohexane 

CgHis,  Gycloocta- 
tetraene 


CBH2„  (n  -  12  to 
30) 

3.  Aromatics 
C6H6,  Benzene 


Durene,  1, 2,4,5- 
tetramethyl  ben¬ 
zene 

Hexamethyl  ben¬ 
zene 


Diphenyl 

Stilbene 


Structural  data 


Close-packed,  face-centered  cubic  crystal 
C — C  =  1.55  zb  .09  A.;  closest  intermolecular 
C— C  =  4.46  A. 

Crystals  form  with  long  chains  parallel  and  mole¬ 
cules  close  packed 
Carbons  form  a  plane  zig-zag 
C — C  in  projection  1.26  zb  .04  A.  and  C — C — C 
angle  106  zb  4° 

C— C  =  1.52  A.;  CH,  angle  114° 

C — C  =  4.1  A.  closest  approach  between  chains 
Carbon  atoms  form  a  plane  zig-zag,  nonspherical 
electron  clouds  in  CII2  group.  C — C  =  1.53  A., 
C— C— C  angle  112°,  closest  C— C  distance  be¬ 
tween  molecules  =  4.13  A. 

Molecule  linear  and  planar.  C=C  =  1.19  A.; 
c— 1/\  1.40  A. 

\/ 


Ring  has  a  step  and  not  a  boat  form  (puckered 
ring) 

Puckered  ring,  all  cis  configuration  with  altei  nate 
single  and  double  bonds,  little  or  no  reso¬ 
nance  ;  C — C  1 .54  zb  .01  A . ;  C=C  1 .34  zb  .01  A . , 
C=C — C  angle  125° 

Form  double  chains  that  are  more  closely 
packed  than  4.1  A. 


Planar  rings,  all  C— C  distances  equal  to  1.42  A., 
closest  C— C  between  molecules  3.8  A. 

C— C  1.41  A. 

C-C  1.42  db  .03  A.  •  1  cc  a 

C-C  aromatic  1.41  A.;  C-C  aliphatic  1.56  A., 

closest  C— C  between  molecules  3.71  A. 


C— C  between  ring  and  methane  -  1.53  A. 

All  carbons  coplanar,  C— C  aromatic  1.42  zb  . 

C— C  between  ring  and  methyl  group  1.54  zb  .12 
A. 


Both  rings  parallel 

Coplanar;  C-C  bond  between  rings  1.48 
All  carbons  coplanar;  C— C  aromatic  - 
q _ Q  1.33  A.;  C  aromatic — C  aliphatic  1.4o 

C — angle  128°  _ 


A. 

A 

A. 


Reference 


28 

29 

30 

31 

32 


33 


34 


35 


36,  37 
57 

38 


39 

40 

41 

42,  43 


44 

45 


46 

47 

48,  49 
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TABLE  I — Continued 


Compound 

Structural  data 

Reference 

Di  benzyl 

Rings  not  coplanar  but  very  nearly  parallel 

50 

C — C  aromatic  1.41  A.,  C — C  aliphatic  1.54  A. 

51 

C  aromatic— C  aliphatic  1.47  A.,  aliphatic  bond 

52 

angle  109£o 

1,2-diphenyl  ben- 

Steric  hindrance  causes  the  two  phenyl  groups 

53 

zene 

to  be  rotated  about  50° 

1,3,5-triphenyl 

Molecule  almost  entirely  planar 

54 

benzene 

p-Di-diphenyl 

All  groups  coaxial  and  coplanar;  C — C  aromatic 

1  19  A  . 

55 

C — C  between  rings  1.48  A. 

56 

4.  Condensed  rings 

Naphthalene 

Flat  rings;  C — C — C  angle  120° 

58,  59 

Fluorene 

C — C  aromatic  1.41  A.;  C — C  between  rings 

60 

1.48  A.;  aliphatic  bonds  1.47  A.;  molecule  not 

planar,  two  phenyl  groups  inclined  20°  to  the 

cyclopentane  ring 

Anthracene 

C — C  all  equal  at  1.41  A.,  all  carbons  coplanar; 

59,  61 

C — C — C  angle  120° 

Chrysene 

All  four  rings  coplanar 

60 

1,  2,  5,  6-dibenz- 

All  five  rings  coplanar 

62 

anthracene 

presented  w  ill  be  concerned  with  intra-  and  intermolecular  distances,  bond 
angles,  and  spatial  configurations.  For  the  crystallographic  data  on  these 
compounds  the  reader  is  referred  to  the  “Structurbericht”  (26)  and 
Wyckoff  (27).  V  1 


Study  of  fable  I  allows  important  generalizations  to  be  drawn  about 
hydrocarbons.  It  is  obvious  that  in  truly  aliphatic  linkages  the  carbon¬ 
yl?011  dls^ance  1S  unique.  Also,  the  aliphatic  double  bond  (from  electron 
diffraction)  and  triple  bonds  have  characteristic  lengths.  The  progressive 
shortening  of  these  bonds  is  a  measure  of  the  greater  binding  energy  in¬ 
volved  and  x-ray  data  on  halogen  compounds  and  others  have  proven  that 
free  rotat  ion  can  occur  only  about  true  single  bonds.  The  tetrahedral  nature 
of  the  directed  valences  of  carbon  has  been  unequivocally  demonstrated 
and  the  zigzag  nature  of  carbon  chains  has  been  proven  (see  Fig.  2)  Various 

properties  of  compounds  containing  long  hydrocarbon  chains  are  explained 
by  their  mode  of  parallel  packing  in  crystals.  explained 

The  long-held  theory  that  cyclohexane  would  have  a  puckered  rine  has 
been  adequately  substantiated  as  illustrated  in  Fie-  t  t  •  f 
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Beckett  et  al.  (G3).  Very  recent  work  on  cyclooctatetraene  has  proven  it  to 
consist  of  a  puckered  ring  with  alternate  single  and  double  bonds  and 
little  or  no  resonance;  hence  devoid  of  true  aromatic  nature  (37). 

Some  ol  the  most  valuable  contributions  have  been  in  the  field  of  aromatic 
compounds.  The  planar  nature  of  the  benzene  ring  has  been  proven  time 


Fig.  2.  Electron  density  diagram  illustrating  t  he  zigzag  character  of  hydrocarbon 
chains. 

(From  Bunn,  Ti  ans.  Faraday  Soc.,  35,  482, 1939.) 


Fi*.  3.  Models  of  cyclohexane  (left)  and  methyl  cyclohexane  (middle  and  right). 
(From  Beckett,  Pitzer,  and  Spitzer, Am.  Chan.  Soc.,  69,  .1,1.  . 


and  again  and  the  dynamic  form  of  the  structure  conclusively  shown  on 
many  occasions  by  the  equivalent  length  of  all  the  bonds  and  by -the bond 
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the  basis  of  double  bond  character  due  to  resonance.  Orthodiphenyl  benzene 
adequately  demonstrates  steric  hindrance  by  having  the  two  substituent 
phenyl  groups  rotated  50°  out  of  the  plane  of  the  parent  ring  by  mutual 
repulsion  while  1 ,3 ,5-triphenyl  benzene  is  planar. 

The  condensed  ring  systems  are  generally  planar  and  ot  constant  carbon- 
carbon  distance  as  would  be  expected  from  the  dynamic  effects  of  resonance. 

Other  compounds  given  in  Table  I  and  not  specifically  considered  in  the 
discussion  such  as  stilbene  and  dibenzyl  also  illustrate  these  effects.  It  can 
be  pointed  out  that  those  compounds  having  marked  thermal  stability  are 
the  more  strongly  bonded  compounds  with  the  more  uniform  strength  of 
bonds  due  to  resonance  effects.  The  molecular  nature  of  these  hydrocarbon 
crystals  is  distinctly  demonstrated  by  the  fact  the  intermolecular  carbon- 
carbon  distances  are  between  two  and  three  times  the  intramolecular  dis¬ 
tances  proving  that  the  crystals  are  bound  by  “residual  forces”  and  hence 
have  low  melting  points. 

At  no  point  has  any  mention  of  the  carbon-hydrogen  bond  length  been 
made  because  of  the  fact  that  the  x-ray  scatter  of  the  hydrogen  nucleus 
(proton)  is  essentially  zero.  Electron  diffraction  studies  on  crystalline  hy¬ 
drocarbons  have  been  made  by  Rigamonti  (64)  and  the  carbon-hydrogen 
distance  given  as  1.1-1. 4  A.  For  a  complete  consideration  of  these  effects 
relative  to  the  chemistry  and  physical  chemistry  of  compounds  of  this'type, 
see  Pauling  (25). 


IV.  X-Ray  Diffraction  by  Liquids 

1.  THEORY  OF  X-RAY  DIFFRACTION  BY  LIQUIDS 

The  earliest  experiments  on  the  diffraction  of  x-rays  by  liquids  were 
carried  out  by  Friedrich  (65)  in  1913  and  due  to  the  contributions  to  the 
theory  of  this  scattering  by  Zernicke  and  Prins  (66)  and  Debye  and  Mencke 
(60  the  ability  to  determine  interatomic  distances  in  liquids  was  realized 
and  hence  it  was  possible  to  derive  data  on  the  structure  of  the  liquid  state. 

he  fact  that  very  distinct  interference  patterns  were  obtained  from 
liquids  was  held  to  be  pnma  facie  evidence  that  a  certain  regularity  existed 
in  the  distribution  of  the  component  molecules  or  atoms  of  the  liquid  Due 
to  the  strong  similarities  between  the  diffraction  diagrams  of  many  liquids 
vas  felt,  that  the  innermost,  and  most  intense  ring  must  arise  from  inter 
molecular  interferences  father  than  interferences  arising  within  the  mole 
uhBs  themselves.  This  “outer  effect”  was  discussed  by  Debye  and  Mencke' 
(67  ,  who  because  of  the  complications  involved,  assumed' spherical  svm! 
iy  o  he  molecules,  thus  permitting  consideration  of  the  system  as 

scatter  ZZZ  £  Particles  would  then 

by  the  scatter  factor/.  8  amplltu,le  and  phase  represented 
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As  these  molecules  can  take  up  all  possible  positions  the  only  data  ob¬ 
tainable  refer  to  the  mean  intensity  scattered  in  a  significant  period  during 
which  it  is  easily  possible  for  the  molecules  to  interchange  positions.  To 
calculate  the  intensity  theoretically,  the  probability  W(r)  of  one  molecule 
being  within  a  certain  volume  element  while  another  is  simultaneously 
within  a  second  at  a  distance  r  must  be  determined.  As  the  molecules  are 
assumed  to  be  impenetrable  spheres  certain  limitations  are  placed  upon 
their  closest  approach.  Based  upon  these  considerations  Debye  and  Mencke 
(67)  expressed  the  mean  scattered  intensity,  /„  as  a  function  of  the  above 
probability  function 


I.  =  N  1  +  coa  -  F‘ 


1  -  y,-f(l  -  W)  sin  (2»/M)pdpl  (11) 
d3  s  Jo  J 


with  N  being  the  total  number  of  molecules,  (1  +  cos2  0)/2  a  polarization 
factor,  F  the  scatter  factor  for  the  molecules,  X  the  wavelength,  d3  =  V/N  or 
the  volume  available  to  each  molecule,  s  equals  (47r  sin  0)/X,  where  6  is  halt 
the  scatter  angle,  and  p  is  r/X  with  r  being  the  intermolecular  distance.  For 
large  values  of  r,  W  =  1  because  all  related  positions  are  equally  possible 
and  for  very  small  r,  W  =  0  because  the  molecules  cannot  interpenetrate. 

Therefore,  if  the  function  IF(r)  were  known  the  intensity  of  scatter  could 
be  calculated.  Conversely  if  Is  as  a  function  ol  the  variable  s  has  been  deter¬ 
mined  experimentally  it  is  possible,  by  applying  a  Fourier  transform,  to 
determine  W{r).  For  more  complete  details  on  this  subject  see  Gingrich 

(68)  and  Pirenne  (69). 

It  is  beyond  the  scope  of  this  discussion  to  consider  all  the  corrections 
necessary  to  make  this  method  useful  as  well  as  the  difficulties  involved  in 
determining  the  structure  amplitude,  F,  of  the  molecules,  the  effect  o 
orientation  on  the  above  equations  or  the  difficulties  involved  m  app  ying 
the  Fourier  theorem  under  these  circumstances.  Suffice  to  sav  that  these 
considerations  are  discussed  by  Pirenne  (69)  and  that  a  method  of  handling 
these  transforms  has  been  given  by  Warren  (70).  This  latter  method  is  a 
radial  distribution  method  having  the  shortcoming  that  it  is  difficult  to 
distinguish  intra-  and  intermolecular  peaks.  More  recently  Danielson  an 
Lanczos  (71 )  have  reported  further  simplifications  in  the  Fourier  analysis 
0,  7  ay  scatter  from  liquids.  Warren  (72)  holds  that,  except  for  simple 
cls^s  hquid  diffraction  while  yielding  data  on  liquid  structure,  is  of  small 
importance  to  the  determination  of  molecular  structures. 

2.  THE  STRUCTURE  OE  LIQUID  HYDROCARRONS  FROM 
X-RAY  SCATTERING 

Early  work  in  this  field  by  Warren  (73)  on  liquid  paraffins  alloived  a 
determination  of  the  aliphatic  carbon-carbon  distance  at  1.54  A. 
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ture  in  the  liquid  itself  was  regarded  as  consisting  ol  close  packing  ol  cy¬ 
lindrical  molecules  of  cross  section  21.2  A2.  Subsequent  studies  on  normal 
heptane  by  Pierce  (74)  deduced  a  zigzag  chain  with  hexagonal  close  packing 
of  the  chains  with  their  long  dimension  parallel.  The  study  ol  cyclohexane 
and  benzene  plus  the  assumption  of  disc  shaped  molecules  yielded  results 
on  the  closest  approach  or  “thickness”  of  the  discs.  X  alues  of  4.68  A.  foi 
benzene  and  5.09  A.  for  cyclohexane  were  obtained. 

These  results  show  that  no  long  term  order  exists  in  these  liquids  but 
that  a  definite  preferred  distance  between  nearest  neighbors  predominates. 
Further,  that  certain  aspects  of  the  crystals  of  these  compounds  carry  over 
into  the  liquid  state  in  that  the  linear  molecules  remain  parallel  and  that 
the  disc  (flat)  molecules  behave  similarly. 


V.  X-Ray  Diffraction  by  Gases 

1.  THEORY 

It  can  be  shown  (69)  that  a  rigid  system  of  diffracting  points  will  show 
distinct  interferences  in  the  radiation  that  it  scatters  despite  continuously 
uncontrolled  changes  in  orientation.  Considerations  of  this  sort  were  the 
forerunners  of  the  first  experiments  to  show  x-ray  interferences  in  a  gas  by 
Debye  et  al.  (75).  When  gases  scatter  x-rays  the  individual  molecules 
scatter  as  though  they  were  free  or  isolated  so  that  there  is  little  if  any  of 
the  “outer  effect”  just  considered  for  liquids. 

In  order  to  calculate  the  scattered  intensity  of  a  free  molecule  in  space 
the  angular  distribution  of  scattered  intensity  from  a  rigid  system  of  Thom¬ 
son  electrons  under  similar  conditions  must  be  known.  This  equation  has 
been  given  by  Debye  (76) 


where 


/. 


1  +  cos2  6 
2 


Z£ 

*  i 


sin  Xij 
X  ij 


(12) 


Xu  =  (sin  0/2)/X  (J3) 

and  Is  is  the  scattered  intensity,  IQ  the  incident  intensity,  Ae  the  classical 
radius  of  the  electron,  R  the  distance  from  the  scattering  center  to  the 
point  of  observation,  (1  +  cos2  9)/2  the  polarization  factor,  9  the  scatter 
angle*,  X  the  wavelength  and  being  the  distance  between  the  electrons 

*  and  J  !n  the  system-  If  is  set  equal  to  all  the  terms  before  the  double 
summation  the  equation  can  be  given  in  its  usual  form 

Is  =  kEE  sin  x:j/ Xu  (14) 


*  It  is  customary,  when  considering  diffraction  by  gase 
should  be  noted  that  Bragg  angle  0  is  defined  as  one-half  thii 


to  define  0  as  given, 
quantity. 


It 


70 


M.  II.  JELLINEK 


This  foimula  obtained  lor  diffracting  points  can  be  adapted  to  a  molecule 
(69)  assuming  spherical  symmetry  ol  the  atoms  and  by  considering  each 
atom  ol  the  molecule  as  a  scattering  point.  However,  as  the  scattering  power 
of  atoms  is  expressed  by  the  structure  amplitude  (see  section  on  crystals) 
this  formula  is  replaced  by 


/,  =  /eZZ  hfj  sin  xn/x^ 


(15) 


where  is  as  given  in  equation  (13)  anti  b,  is  the  interatomic  distance. 

To  here,  the  electron  cloud  of  each  atom  in  the  molecule  has  been  re¬ 
garded  as  a  point ,  which  is  clearly  an  oversimplification.  Therefore,  if  the 
actual  extension  of  the  electronic  cloud  is  considered  it  turns  out  that  the 
ratio  of  this  cloud  extension  to  the  interatomic  distance  determines  the 
general  shape  of  the  scatter  curve.  The  larger  it  is  the  more  rapidly  Is  de¬ 
creases  with  angle;  when  it  is  small  the  curves  show  maxima  and  minima 
tending  to  become  monotonic  as  it  increases  and  the  maxima  move  to 
smaller  angles.  Due  to  this,  any  calculation  based  on  the  point  theory  would 
yield  interatomic  distances  that  were  somewhat  too  long,  especially  when 
diffuse  electron  clouds  were  involved. 

To  carry  out  exact  measurements  requires  that  comparison  be  made 
between  experiment  and  a  complete  theoretical  curve  including  the  factor 
just  discussed  along  with  an  allowance  for  incoherent  scatter.  This  inco¬ 
herently  scattered  intensity  of  a  molecule  is  a  sum  of  incoherent  intensities 
scattered  by  its  individual  atoms  and  is  devoid  of  interference  effects.  This 
scatter  increases  as  (sin  0/ 2)/X  increases.  When  a  molecule  is  composed  of 
light  atoms  the  incoherent  scatter  can  be  very  significant.  When  all  these 
factors  are  taken  into  consideration  the  equation  of  x-ray  scatteiing  by 
free  molecules  built  up  of  atoms  is  given  by 


r.  =  +  QT.zisi 


(16) 


The  first  term  in  the  brackets  is  the  same  as  given  in  equation  (15)  and 
represents  the  coherent  scatter  while  the  second  term  covers  the  incoherent 
contribution.  The  new  terms  in  this  equation  are  defined  as  Z{,  the  atomic 
number  of  atom  i,  Si  the  incoherent  scatter  function  of  atom  i,  and  Q  is 
the  relativistic  correction  for  incoherent  scatter  (Pirenne,  69).  One  further 
correction  that  can  be  applied  to  x-ray  diffraction  by  gases  is  that  one  due 
to  the  thermal  vibrations  of  the  atoms  and  to  their  zero  point  energies. 
This  correction  is  of  minor  importance,  however,  and  may  frequent  y  )e 

g  The  foregoing  has  served  to  indicate  that  this  method  makes  it  possible 
to  calculate  the  spatial  configurations  within  a  molecule  from  its  diffraction 
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pattern.  In  general,  however,  the  reverse  situation  is  used  whereby  a  struc¬ 
ture  is  assigned  and  the  scattering  curve  calculated.  A  very  brief  discussion 
of  the  actual  methods  used  to  obtain  these  results  will  be  given  here  because 
the  above  theory  applies,  with  minor  alterations,  to  electron  scatter  by 
gases  which  is,  as  will  be  discussed  and  demonstrated  in  the  next  section, 
more  suitable  in  many  ways  for  this  type  of  molecular  study. 

2.  THE  RESULTS  OF  X-RAY  SCATTER  BY  GASES 

As  has  been  pointed  out  in  the  theoretical  section  the  information  that 
can  be  gleaned  from  studies  of  this  type  is  very  important  and  useful  but 
the  experimental  difficulties  involved  in  obtaining  and  accurately  measuring 
the  diffraction  diagrams  are  so  great  that  a  relatively  small  amount  of 
work  on  hydrocarbons  has  been  done  in  this  field.  The  results  from  electron 
diffraction  of  gases  are  interpreted  in  an  exactly  analogous  fashion  and  the 
experimental  problems  are  so  much  less  complicated  that  most  of  the  molec¬ 
ular  structures  have  been  studied  by  this  latter  method.  For  the  sake  of 
completeness  the  reader  is  referred  to  Table  VII  in  Pirenne  (09)  wherein 
all  the  molecules  studied  by  x-ray  diffraction  of  gases  are  tabulated  with 

TABLE  II 

Molecule  References 

CH4  77,  78 

C2H2  79 

C6H6  78,  80,  81 


references.  Table  II  contains,  in  excerpt  form,  the  data  from  Table  VII  in 
Pirenne  (69)  that  are  directly  applicable  to  hydrocarbons. 


VI.  Electron  Diffraction  by  Gases 

1.  THEORY 

The  diffraction  of  fast  electrons  by  gases  was  discovered  by  Mark  and 
Wierl  (82)  a  few  years  following  the  proof  of  the  wave  nature  of  such  par¬ 
ticles.  The  wavelength  associated  with  such  electrons  can  be  obtained  from 
the  de  Broglie  relationship.  If  the  relativistic  correction  for  the  variation 
of  mass  with  velocity  is  omitted  the  relationship  is  X  =  h/mv  where  X  is  the 
wavelength,  h  Planck’s  constant,  m  the  mass,  and  v  the  velocity  of  the 
electrons.  As  was  given  for  x-rays  the  intensity  of  an  electron  beam  is  equal 
to  the  square  of  the  amplitude  of  the  associated  wave.  If  such  an  electron 
beam  having  an  associated  wave  of  wavelength  X  enters  the  electrostatic 
held  of  an  isolated  atom,  the  intensity,  Is,  of  scattered  radiation  is 
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and  F  has  been  given  by  Bethe  (83) 


z-f 

[(47t  sin  0/2) /X]2 


(18) 


As  being  the  amplitude,  R  the  distance  from  the  point  of  observation  to  the 
scattering  point,  the  classical  radius  of  the  hydrogen  atom,  F,  the 
structure  factor  for  electron  scatter,  Z  the  atomic  number,  /  the  scatter 
factor  for  x-rays  as  given  previously,  and  6  the  angle  of  scatter.  Therefore, 
the  electron  scatter  factor  F  can  be  obtained  directly  from  a  knowledge  of/. 
As  is  the  case  for  x-rays  F  is  a  function  of  (sin  0/2) /A.  The  two  terms  in  this 
factor  are  a  positive  one,  Z,  due  to  the  plus  charge  on  the  nucleus  and  a 
negative  one,  — /,  due  to  the  screening  effect  of  the  electrons  on  the  nucleus. 
There  is  one  further  difference  between  scattered  x-ray  and  electron  waves 
and  that  is  the  absence  of  a  polarization  factor  in  the  latter. 

Due  to  these  differences  the  relative  ability  to  be  scattered  by  atoms  is 
of  interest  and  can  be  evaluated.  Assuming  (4ir  sin  0/ 2)/X  equal  to  10,  then 
according  to  Pirenne  (69)  I8/h  approximates  10-9  f2/R~  for  x-rays,  and 
IJU  approximates  10~3  (. Z—JY/R 2  for  electrons.  Since  /  and  Z—f  are  of  the 
same  magnitude  it  is  obvious  that  electrons  interact  with  matter  about  l()fi 
times  more  efficiently  than  do  x-rays.  This  represents  one  of  the  important 
reasons  why  electrons  are  more  generally  used  for  studying  diffraction  by 
gases.  Good  photographic  exposures  are  made  in  one  second  or  less  using 
electrons  while  x-rays  require  many  hours.  Nevertheless,  the  fact  that 
(47t  sin  0/2) /X  occurs  to  the  fourth  power  in  the  electron  scatter  equation 
causes  a  rapid  decrease  in  intensity  with  angle  and  at  large  angles  the 
scattered  intensity  diminishes  relative  to  that  of  x-rays. 

Incoherent  scatter  of  electrons  occurs  as  it  does  for  x-rays  thereby  con¬ 
tributing  another  factor  to  the  more  exact  scattering  equation 

h±  (Z  -  P)  zs 

Is  ~  R°-  Aa  /4ir  sin  0/2j  ^4tt  sin  0/2j  (19) 


S  in  this  equation  being  the  same  incoherent  scattering  factor  as  for  x-rays. 
The  incoherent  scatter  also  decreases  rapidly  with  angle  due  to  [(4r  sin 
0/2 ) /A] ~4.  The  equations  for  x-ray  and  electron  scatter  show  that  as  (sin 
e/2) /\  increases  the  incoherent  scatter  in  the  former  becomes  predominant 
while  in  the  latter  the  coherent  scatter  always  remains  the  more  important. 
Therefore,  even  at  angles  where  electron  scatter  is  no  more  efficient  than 
x-ray  scatter,  it  is  still  advantageous  to  employ  the  former. 

If  similar  assumptions  of  spherical  symmetry  as  were  used  lor  x-rays 
be  made,  equation  (19)  can  be  modified  to  apply  to  free  molecules  scat*  - 
ing  electrons  exactly  as  was  equation  (4)  for  x-ravs 
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_  h_± _ 1__ 

Is  ~  R2  Ah  /4tt  sin  6/2 

\  X 

The  first  term  in  the  brackets  represents  the  coherent  and  the  second  the 
incoherent  contributions.  The  fourth  power  term  in  the  denominator  causes 
such  a  rapid  decrease  in  intensity  with  increasing  angle  that  in  the  general 
case  no  maxima  and  minima  are  observed  in  the  diagrams  but  rather  points 
of  inflection.  Figure  4  shows  the  theoretical  curves  for  carbon  tetrachloride 
for  x-rays  and  electrons,  and  serves  to  illustrate  this  point  [Pirenne  (84)]. 
Debye  (85,  86)  has  been  able  to  counteract  the  fourth  power  term  in  the 
denominator  by  using  a  suitable  rotating  sector  and  has  obtained  electron 
diffraction  curves  showing  maxima  and  minima. 

One  other  point  that  should  be  mentioned  is  the  ability  of  electron 
diffraction  to  locate  light  atoms  more  readily  than  x-rays,  especially  hy¬ 
drogen  which  x-rays  ignore  almost  completely.  For  more  complete  discus¬ 
sions  of  the  theory  of  electron  scatter  by  gases  the  reader  is  referred  to 
review  sections  by  Pirenne  (69),  Brockway  (87),  and  McMillen  (88). 


Ji 


EE®  -  m>  -  />■)  E  ZiSi 


(20) 


2.  DEDUCTION  OF  STRUCTURES 


a.  Trial  and  Error  Method.  The  theory  just  presented  has  indicated  that 
the  intensity  of  scatter  as  a  function  of  angle  and  wavelength  can  be  related 


to  molecular  structure  by  means  of  equation  (20)  wherein  the  symbol  x 
has  the  same  relationship  to  hj  as  indicated  in  equation  (13).  Therefore, 
under  suitable  conditions  it  should  be  possible  to  determine  interatomic 
distances.  As  stated  in  the  immediately  preceding  section  the  combination 


of  coherent  and  incoherent  scattering  produces  a  rapidly  falling  background 
with  fluctuations  impressed  on  it  due  to  the  coherent  scatter.  Hence,  simple 
observations  of  the  film  are  of  no  use  when  compared  to  theoretical  maxima 
and  minima  scatter  curves  constructed  without  taking  into  account  the 
incoherent  scatter.  The  first  attempts  to  circumvent  this  difficulty  were  by 
Wierl  (89,  90),  who  empirically  altered  the  theoretical  curves  so  that  they 
would  appear  as  did  the  actual  diffraction  patterns.  Pauling  and  Brockway 
(91 )  justified  WierPs  assumptions  on  the  basis  of  the  response  of  the  human 
eye  to  such  diagrams.  These  modifications  simplified  equation  (20)  bv 
omitting  tie  /,-,  [(4tt  sin  6  2)  A]4  and  the  incoherent  scatter  terms,  leaving 


■  apparent 


=  EEZiZ, 


sin  Xij 

Xa 


(21) 


In  this  form  the  equation  lends  itself  admirably  to  the  trial  and  error  method 
,  assuming  a  molecular  structure  and  calculating  the  apparent  scatter 
function  and  comparing  the  calculated  results  obtained  inch’s  way  uhh 
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KS  =  4ir  sin  KS  — * 

Fig.  4.  Theoretical  scatter  curves  for  x-rays  (left)  and  electrons  (right)  for  carbon  tetrachloride. 
(From  Pirenne,  J.  Chem.  Phys.  7,  144,  1939.) 
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the  empirical  diffraction  diagram.  The  method  was  checked  against  arti¬ 
ficial  bromine  diagrams  and  compared  with  the  Br-Br  distance  obtaine 
from  rotational  fine  structure.  Results  agreed  to  0.008  A.  It  was  concluded 
that  this  visual  method  plus  the  trial  and  error  system  would  yield  results 
accurate  to  \%.  Despite  the  fact  that  various  analytical  methods  and 
the  Debye  sector  method  have  been  devised,  the  visual  method  is  still  re- 


Fig.  5. 

(a)  Electron  diffraction  pattern  of  carbon  tetrachloride  gas. 

(b)  Microphotometer  trace  showing  the  first  three  apparent  maxima  in  (a)  and  the 
first  five  apparent  maxima  in  (b) . 

(From  Pauling  and  Brockway,  J.  Chem.  Phys.  2,  867,  1934.) 


garded  as  one  of  the  best  methods  of  determining  molecular  structures.  To 
illustiate  how  the  human  eye  sees  maxima  and  minima  where  none  exist, 
Fig.  o,  taken  fiom  (1)1 )  on  carbon  tetrachloride,  has  been  included. 

b.  Radial  Distribution  Method.  Attempts  to  eliminate  the  trial  and  error 
method  tor  arriving  at  structures  have  been  made  by  using  the  reverse 
procedure  of  determining  interatomic  distances  from  the  observed  scatter¬ 
ing  data.  Pauling  and  Brockway  (92)  have  published  such  a  “radial  dis¬ 
tribution  method.”  In  brief,  this  method  uses  electron  diffraction  curves  to 
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calculate  a  distribution  function  for  scattering  power  representing  the 
product  of  scattering  powers  in  volume  elements  a  distance  L  apart  as  a 
function  of  L.  And,  because  electrons  scatter  best  in  the  vicinity  of  nuclei, 
a  maximum  in  the  function  indicates  the  internuclear  distance.  This  method 
required  visual  reading  of  the  diffraction  diagram  but  needed  no  previous 
model  of  the  molecule.  The  actual  computation  is  performed  by  making 
use  ot  a  Fourier  inversion  to  obtain  the  radial  distribution  function.  The 
authors  conclude  that  the  accuracy  is  1  or  2%  and  that  only  two  or  three 
of  the  major  (most  prominent)  interatomic  distances  can  be  obtained;  that 
in  many  cases  the  visual  method  is  better;  that  this  is  a  straightforward 
system  based  on  no  structural  assumptions;  and  for  best  results  both  meth¬ 
ods  should  be  used.  I  he  radial  distribution  one  serves  to  eliminate  absurd 
structures  and  the  trial  and  error  arrangement  to  obtain  accuracy. 

More  recently  Beach  and  Walter  (93),  by  assuming  that  the  shapes  of 
the  maxima  and  minima  could  be  represented  by  cosine  curves,  were  able 
to  use  the  radial  distribution  method  and  integrate  the  function  rather 
than  approximate  it,  and  were  able  to  calculate  the  amounts  of  scattering 
matter  as  a  function  of  the  interatomic  distance. 

Sample  calculations  illustrating  these  various  methods  are  presented  in 
the  papers  by  Pauling  and  Brockway  (91,  92)  and  the  methods  of  carrying 
out  the  experiments  are  discussed  by  Maxwell  (94)  and  Pirenne  (69). 


3.  RESULTS 


In  general,  a  great  portion  of  the  structural  results  which  have  had  bear¬ 
ing  on  hydrocarbons  have  been  done  on  halogenated  compounds  because 
of  the  influence  of  the  heavy  halogen  atom  on  the  scattering  diagram. 
Nevertheless,  sufficient  experiments  have  been  made  on  pure  hydrocarbon 
materials  to  allow  nearly  all  the  possible  conclusions  about  hydrocarbons 
to  be  reached  without  need  of  recourse  to  the  data  on  halogenated  materials. 
Naturally,  the  interpretation  of  the  experimental  results  is  identical  so 
that  the  choice  is  merely  a  matter  of  convenience  and  a  desire  to  confine 
the  discussion  to  hydrocarbons  wherever  possible. 


As  was  done  for  the  section  on  crystals  the  results  of  these  studies  are  in 
tabular  form  in  Table  III.  This  table  lists  the  compounds,  the  structural 

results  obtained  and  the  sources  of  the  data. 

Study  of  this  tabulation  shows  how  similar  are  the  bond  lengths  and 
bond  angles  to  those  given  in  Table  I.  The  two  methods  obviously  are  meas¬ 
uring  the  same  thing  by  relatively  independent  methods.  Here  too,  the 
constancy  of  length  of  single  and  double  bonds  is  observed  and  here  too  it 
is  possible  to  determine  resonance  structures  by  the  shortening  ol  the  bonds 
The  tetrahedral  angle  for  singly  bonded  carbons  is  amply*  demonstratec 
as  well  as  the  double  bond  angle.  One  quantity  frequently  measured  by 


THE  molecular  structure  of  hydrocarbons 


77 


TABLE  III 

Compound 

Structural  Data 

Reference 

Ethane 

C— C  1.55  ±  .03  A.;  C— H  1.09  db  .03  A. 

90,  95 

Ethylene 

C=C  1.34  ±  .02  A.;  C-H  1.06  ±  .03  A.;  H— C— II 

90,  95,  96 

Propane 

angle  110  ±  5° 

C— C  1.54  ±  .02  A.;  C— H  1.09  ±  .02  A.;  H— C— H 

90,  95,  97 

angle  109°28';  C— C— C  angle  111°30'  ±  3° 

Allene 

C=C  1.34  ±  .02  A.;  C— H  1.06  ±  .04  A.;  carbons  in 

90,  95 

linear  chain;  H — C — H  angle  109°28' 

Butane 

C— C  1.51  ±  .05  A. 

90 

r-Butane 

C— C  1.54  ±  .02  A.;  C— C— C  angle  111°31'  ±  2° 

95,  98,  99 

Butene-2 

C— C  1.54  ±  .03  A.;  C=C  1.38  ±  .03  A.;  C— C=C 

100 

cis  and  trans 

angle  125°;  CH3 — C — H  angle  110° 

i-Butene 

C— C  1.54  ±  .02  A. 

95 

Butadiene 

Carbon  atoms  planar;  C — C — C  angle  124  ±  2°  C — C 

90,  101 

1.46  ±  .03  A.;  C=C  1.35  ±  .02  A. 

Pentane 

C— C  1.53  ±  .05  A. 

89,  90 

Neopentane 

Central  carbon  tetrahedral;  C — C  1.54  ±  .02  A.; 

95,  102 

C— H  1.09  A. 

Hexane 

C— C  1.54  ±  .05  A. 

89,  90 

Tetramethyl  eth- 

C— C  1.54  ±  .02  A.;  C— H  1.09  A.;  C— C— C  angle 

95 

ylene 

111  °30 '  ±  2° 

Acetylene 

C=C  1.22  ±  .08  A. 

86,  90 

Methyl  acetylene 

C=C  1.20  ±  .03  A.;  C— C  1.46  ±  .02  A. 

103 

Diacetylene 

C — C  1.36  ±  .03  A.;  C=C  1.19  ±  .02  A.,  carbons 

90,  103, 

linear 

104 

Dimethyl  acety- 

C — C  1.47  ±  .02  A.;  carbons  linear 

103 

lene 

Dimethyl  diacety- 

C— C  1.38  ±  .02  A.;  C=C  1.20  ±  .02  A.;  C— CII3 

103 

lene 

1.47  ±  .02,  all  carbons  linear 

Cyclopropane 

C  C  1.53  ±  .03  A.;  H — C — H  angle  109°28', 

90,  95 

C — C — C  angle  60° 

Cyclopentane 

C— C  1.52  ±  .03  A.;  molecule  plane  pentagon, 

89,  90, 

near  trigonal  bonding  (most  recent  computa- 

95,  105, 

Cyclopentadiene 

tions  (108)  indicate  slight  pucker  in  ring) 

^  ^  ^  ^  C=C  1.35  A.;  C — H  1.09  A.,  single 

bond  angle  101  ±  4°;  double  bond  angles  109  -fc 
3,  110  ±  2° 

108 

101 

Spiropentane 

C  C  1.54  A.;  C— H  1.08  A.;  common  carbon  in 

102 

two  equilateral  triangles  both  rings  perpendicu¬ 
lar,  C— C— C  angle  60° 

Cyclohexane 

Benzene 

C— C  1.54  +  .03  A.;  puckered  ring 

C— C  1.39  ±  .02  A.;  C— H  1.08  ±  .04  A.,  ring 
planar 

89,  95 

89,  91, 

92,  101 

Hexamethyl  ben¬ 
zene 

C-C  in  ring  1.39  A.;  C,„„  -  C„,ipi  1.54  ±  .01  A  ■ 
all  carbons  coplanar 

106,  107 
95,  107 
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these  studies  and  never  mentioned  under  x-ray  diffraction  is  the  carbon- 
hydrogen  bond  length  of  about  1.09  A. 

It  should  again  be  called  to  mind  that  many  interesting  bits  of  structural 
information  relative  to  hydrocarbons  have  been  omitted  because  they  were 
determined  on  substituted  compounds.  Some  few  of  these  will  be  briefly 
mentioned  in  this  discussion.  For  example,  the  1,2  dihalo  ethanes  exhibit 
moderately  hindered  rotation  and  hence  favor  a  trcins  form. 


Resonance  in  structures  like  butadiene,  benzene  and  the  substituted 
acetylenes  is  made  obvious  by  the  foreshortening  of  bonds.  Particularly 
interesting  compounds  are  diacetylene  and  dimethyl  diacetylene  because 
the  single  bond  between  the  two  triple  bonds  has  been  shortened  by  res¬ 
onance  effects  until  it  is  as  short,  or  possibly  shorter,  than  a  normal  double 
bond.  In  the  latter  compound  the  two  bonds  to  the  methyl  groups  are 
shortened  but  not  as  much  as  the  other  single  bond. 

The  structures  of  the  cycloparaffins  are  also  strikingly  revealed  and 
excellent  agreement  with  the  x-ray  crystal  methods  is  obtained.  The  equi¬ 
lateral  nature  of  the  cyclopropane  ring;  the  planar  nature  of  the  cyclo¬ 
pentane  ring*;  the  form  of  the  spiropentane  structure  and  the  puckered 
configuration  of  cyclohexane  are  all  clear.  The  data  on  benzene  proves 
again  the  dynamic,  planar  structure  and  the  results  on  hexamethyl  benzene 
show  that  no  resonance  with  the  methyl  groups  and  the  aromatic  nucleus 
need  to  be  considered. 


Other  means  of  describing  these  effects  exist,  one  of  the  most  useful  being 
a  method  whereby  the  shortening  of  the  bonds  due  to  resonance  is  quan¬ 
titatively  expressed  as  percent  double  bond  character.  These  figures  can 
then  be  used  to  calculate  heats  of  dissociation  and  bond  stabilities.  For 
example,  in  diacetylene  the  single  bond  is  estimated  (103)  to  have  44% 
double  bond  character.  For  a  complete  discussion  of  all  such  phases  regard¬ 
ing  chemical  bonds  see  Pauling  (25)  and  the  section  on  the  chemical  bond 

(Chapter  I). 

If  the  reader  is  interested  in  more  complete  tabulations  of  structural 
data  on  organic  compounds  lie  is  referred  to  general  review  articles  on  the 
subject  by  Maxwell  (94)  and  Robertson  (109). 


*  Kilpatrick,  Pitzer,  and  Spitzer,  (108)  have  made  a  very  thorough  study  of  the 
cyclopentane  structure  using  the  puphshed  data  from  election  c '  »*  ’  1 

and  infrared  spectra,  entropy  and  specific  heat  measurements.  The  results  they 
have  deduced  are  that  the  ring  is  slightly  puckered;  so  slightly  that  it  cou  d  casi y 
be  missed  in  electron  diffraction  experiments,  and  the  more  striking  one  that  the 
rhi ^ p uc ked ng  is  not  of  a  definite  fixed  type;  but  that  the  angle  of  maximum 

puckering  rotates  around  the  ring. 
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I.  The  Mass  Spectrometer 

The  apparatus  which  Sir  J.  J.  Thomson  (1)  developed  to  analyze  canal 
rays  was  the  precursor  of  the  modern  mass  spectrometer.  In  this  apparatus 
a  ray  of  positive  ions,  issuing  from  a  hole  through  the  cathode  of  a  high- 
voltage  gaseous  discharge  tube,  was  caused  to  pass  through  crossed  electric 
and  magnetic  fields.  If  the  direction  of  the  ray  is  taken  to  be  the  2-axis, 
the  direction  of  deflection  due  to  the  electric  field  X  to  be  the  z-axis,  and 
the  deflection  due  to  the  magnetic  field  H  to  be  the  y-axis,  then  it  can  be 
shown  that  for  small  angles  of  deflection  the  corresponding  deflections  for 
ions  in  the  ray  are 


x 


and 


y  =  k' 


Hev 

mv- 


Here  k  and  k'  are  apparatus  constants,  m  and  e  are  the  mass  and  charge  of 
the  positive  ions,  and  v  is  their  velocity.  On  a  photographic  plate  per¬ 
pendicular  to  the  2-axis,  therefore,  all  ions  of  mass  to  charge  ratio  m/e  will 
fall  on  the  parabola  given  by : 

if  =  e_  kf  If 
x  m  k  X  ’ 

F.  W.  Aston  (2),  who  gave  the  mass  spectrometer  its  name,  used  suc- 
cessive  deflections  to  sort  out  ions.  In  his  apparatus  (3),  shown  schematic- 
a  .V  in  Fig.  1,  first  the  ions  were  passed  through  an  electric  field  X.  Only  a 
small  range  of  deflections  could  then  pass  through  the  slit  S6.  Those  ions 
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same  line  on  (he  plate.  This  property  thus  produces  very  sharp  lines  on  the 
plate  and  makes  it  easier  to  resolve  lines  which  lie  very  close  together. 
In  fact,  one  use  made  of  the  instrument  was  to  show  that  the  difference  in 
mass  between  H2  and  D  was  0.00152  mass  unit. 

Also  in  this  tradition  ol  high  resolution  are  the  instruments  due  to  A.  J. 
Dempster  (5),  Bainbridge  and  Jordan  (6)  and  J.  Mattauch  (7).  Fig.  2 
shows  schematically  the  arrangement  of  slits  and  fields  for  each  of  these 
instruments.  In  each  of  these  the  high  resolution  is  achieved  by  causing 
all  ions  of  a  given  m/e  regardless  of  initial  direction  and  velocity  to  come 
to  a  focus  on  a  photographic  plate. 

At  the  same  time  that  these  instruments  of  high  resolution  were  being 
developed,  the  refinement  of  mass  spectrometers  for  the  measurement  of 


/ 


r 


Fig.  1.  Schematic  diagram  of  Aston’s  precision  mass  spectrograph. 


isotopic  abundances  was  under  way.  Here  the  emphasis  was  on  measuring 
the  ion  currents  accurately  rather  than  mass  differences.  A.  J.  Dempster  (8) 
constructed  an  instrument,  shown  schematically  in  Fig.  3,  which  served 
as  a  prototype  for  many  which  followed.  In  it  ions  were  formed  from  gas 
molecules  by  bombardment  with  a  beam  of  electrons.  The  ions  were  then 
all  accelerated  through  the  same  voltage  by  means  of  a  slit  system  which 
produced  a  collimated  beam  of  ions  all  possessing  the  same  energy 


eV  =  \  mv2. 


Here  V  represents  the  voltage  through  which  the  ions  were  accelerated, 
and  the  other  symbols  have  the  same  meaning  as  before,  4  he  ion  beam 
then  traversed  a  uniform  magnetic  field  II  at  right  angles  to  the  magnetic 
lines  of  force.  The  original  ion  beam  is  thereby  broken  up  into  several, 
their  paths  being  circles  given  by 


Hev  = 


mv 


r 
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Fig.  2.  Schematic  diagrams  of  three  precision  mass  spectrographs. 


1’ig.  3.  Schematic  diagram  of  a  Dempster-type  mass  spectrometer. 
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wheie  now  >  is  the  ladius  ot  the  circle.  Since  each  oi  the  ion  beams  satisfies 
both  equations,  one  can  eliminate  the  ion  velocity  and  obtain 


m  _  rzH2 
e  ~  2V  ' 


This  relation  has  often  been  called  “the  mass  spectrometer  equation.” 
While  this  is  an  over-simplification,  the  general  prevalence  of  mass  spectrom¬ 
eters  derived  from  Dempster’s  partially  justifies  the  statement. 

A  Faraday  cylinder  situated  behind  a  slit,  through  which  only  those  ions 
following  a  path  of  radius  r  can  pass,  then  serves  to  measure  the  current 
due  to  ions  of  mass  to  charge  ratio  satisfying  the  equation.  By  varying 
either  the  accelerating  voltage  V  or  the  magnetic  field  H  one  can  in  turn 
bring  ions  of  various  values  of  m/e  into  register  with  the  Faraday  cylinder. 
The  assumption,  of  which  more  will  be  said  later,  that  ion  currents  are 
proportional  to  ion  abundances  allows  one  to  compare  isotopic  abundances. 

Bleakney  and  Cummings  (9),  Nier  (10),  and  Brown  et  al.  (11)  are  only  a 
fewr  who  have  followed  the  original  design  with  merely  minor  modifica¬ 
tions.  Sampson  and  Bleakney  (12),  Nier  (13),  and  Tate  and  Smith  (14) 
changed  the  means  of  providing  the  magnetic  field,  cobalt  steel  permanent 
horseshoe  magnets  being  used  in  the  first  case  and  air-core  solenoids  in  the 
other  two  instead  of  an  iron-core  electromagnet. 

At  about  this  time  the  exact  theory  for  the  double  focusing  mass  spectro¬ 
graph  had  been  worked  out  by  Herzog,  Mattauch,  and  Hauk  (4,  7,  15,  16, 
17,  18).  One  main  result  of  this  theory  w^as  the  demonstration  that  an 
electrical  field  of  cylindrical  symmetry  or  a  homogeneous  magnetic  field 
acted  on  an  ion  beam  in  a  manner  completely  analogous  to  the  way  in 
which  a  thick,  double-convex  lens  and  a  prism  would  act  on  a  light  beam. 
This  result  is  hardly  surprising  in  the  Dempster  arrangement  since  the 
simple  geometrical  considerations  shown  in  Fig.  3  had  already  shown  that 
direction  focusing  took  place.  Nier  designed  a  mass  spectrometer  (19) 
which  was  based  on  an  independently  derived  (20,  21)  special  case  ot  the 
theory.  The  special  case  states  that,  a  sector-form  magnetic  field  gives 
direction  focusing.  The  design  takes  advantage  of  this  fact  to  reduce  the 
size  of  electromagnet  necessary  to  produce  the  magnetic  field.  Nier  s  de¬ 
sign,  shown  schematically  in  Fig.  4,  used  a  pole  shoe  in  the  form  of  a  60 
sector  which  gave  rise  to  a  magnetic  field  which  not  only  fulfilled  the  mass 

spectrometer  equation 

2  TT“ 

m  _  r  tl 

7  "  2V  ’ 


but  also  focused  an  image  of  the  exit  slit  of  the  ionization  chamber  upon 
the  entrance  slit  of  the  current  measuring  system  when  the  geo 
shown  in  Fig.  4  was  fulfilled. 
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The  only  two  commercial  models  of  mass  spectrometers  which  have 
been  widely  sold  for  hydrocarbon  gas  analysis  (22,  23)  are  modifications  o 
these  two  designs.  One  has  180°  deflection  with  an  ionization  chambei 
wholly  immersed  in  the  uniform  magnetic  field.  The  other  uses  a  sector- 
type  magnet  but  with  a  90°  deflection  rather  than  90  . 


Fig.  4.  Schematic  diagram  of  Nier’s  60°  mass  spectrometer. 


II.  The  Production  of  Ions  from  Gases 


Both  of  these  models  use  ionization  chambers  based  on  the  same  prin¬ 
ciples.  Figure  5  shows  schematic  cross-sections  of  an  early  type  of  ioniza¬ 
tion  chamber  used  in  the  180°  instrument.  A  description  of  this  chamber 
and  some  of  its  possible  modifications  will  serve  to  illustrate  the  principles 
involved.  Ions  are  produced  in  this  chamber  by  the  inelastic  collision  of 


electrons  with  gas  molecules.  The  electrons  may  be  emitted  from  a  hot 
filament  such  as  A  in  Fig.  5  or  they  may  be  emitted  from  an  indirectly 
heated  cathode.  Since  the  ionization  chamber  shown  is  immersed  in  a 
strong  magnetic  field,  the  electrons  are  accelerated  by  electrodes  B  and 
C  in  the  direction  ol  the  magnetic  lines  of  force.  This  arrangement  aids  in 
producing  a  tightly  focused  electron  beam  because  the  magnetic  field  then 
tends  to  suppress  any  divergence  of  the  electrons.  The  holes  in  the  electrodes 
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bene  to  collimate  the  electrons  passing  through  them  into  a  beam,  and  the 
magnetic  field  has  a  focusing  action  which  prevents  the  beam  from  spread¬ 
ing.  In  ionization  chambers  which  are  not  immersed  in  a  magnetic  field,  it 
jS  advantageous  to  arrange  the  electron  accelerating  electrodes  so  that  they 
°rm  an  electron  lens  which  produces  a  nondiverging  electron  beam.  The 
electron  beam  then  passes  through  a  relatively  field-free  region  between  the 
electrodes  D  and  the  plate  containing  the  first  ion-beam-defining  slit  and 
impinges  on  the  electron  catcher. 


The  gas  which  is  to  ionized  is  introduced  into  the  relatively  field-free 
legion  just  mentioned  by  any  one  of  several  means.  In  the  volume  in  space 
through  which  the  electron  beam  passes  positive  ions  are  produced  by  col¬ 
lision  of  the  electrons  with  the  gas  molecules.  The  electrodes  D  have  a 
small  positive  voltage  on  them  which  serves  to  repel  the  ions,  hence  their 


BCD  D 


Fig.  5.  Schematic  cross-sections  (at  right  angles  to  each  other)  through  a  typical 
ionization  chamber.  A,  Filament  supported  on  heavy  legs;  B,  first  electron  accel¬ 
erating  plate;  C,  second  electron  accelerating  plate;  D,  “pusher”  plates  to  supply 
small  ion  ejecting  field;  E,  electron  beam;  F,  electron  catcher;  G,  ion  accelerating 
plates;  and  I,  ion  beam. 


name  of  “pushers.”  In  general,  the  voltages  on  the  two  pushers  are  slightly 
different.  This  difference  is  adjusted  so  that  the  drift  path  ol  the  ions  is 
such  that  an  optimal  number  strike  the  first  ion  beam  defining  slit  rather 
than  the  plate  containing  it.  Then  between  the  first  and  second  ion-beam¬ 
defining  slits  there  is  impressed  the  potential  which  accelerates  the  ions. 
It  has  been  shown  (24)  that  in  instruments  where  the  mass  spectrum  is 
scanned  by  changing  the  ion  accelerating  voltage  the  greatest  accuracy 
in  measuring  relative  ion  intensities  is  reached  when  the  pusher  voltages 
are  kept  proportional  to  the  ion  accelerating  voltages. 

There  are  several  electrodes  which  can  be  added  to  the  ion-accelerating 
section  with  profit.  An  arrangement  giving  an  ion  lens  producing  a  non- 
divergent  ion  beam  increases  the  resolution  ot  the  mass  spectrometer. 
Various  deflecting  electrodes  can  be  used  to  line  up  the  beam  with  the  slit 
in  front  of  the  ion  current  collector  and  thus  increase  both  resolution  and 
ion  current  by  bettering  the  efficiency  of  current  colled  ion. 
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Before  going  on  to  the  mass  spectra  produced  from  hydrocarbons  in  t  is 
way  it  will  be  helpful  to  consider  the  ionization  process  for  a  simpler  gas 
such  as  hydrogen.  The  transfer  of  energy  from  electron  to  molecule  during 
inelastic  collision  is  governed  by  rules  much  like  those  of  the  absorption  of 
light  by  the  same  molecules.  The  rules  which  apply  are  those  of  quantum 
mechanics.  In  particular,  one  of  the  most  important  is  the  Franck-Condon 


Fig.  6. 
molecule. 


Franck-Condon  transitions  to  two  higher  states  of  a  hypothetical  diatomic 


(25)  principle.  Figure  6  shows  schematically  the  basis  for  this  principle. 
On  the  figure  the  internal  energy  of  the  molecule  against  the  distance 
between  the  nuclei  of  the  two  atoms  in  the  molecule  has  been  plotted  for  an 
imaginary  diatomic  molecule.  This  has  been  done  for  the  lowest,  curve  0, 
and  the  first  two  excited  electron  energy  states,  curves  I  and  II.  For  two  of 
the  states  a  few  of  the  vibrational  energy  levels  have  been  indicated  by 
honzontal  straight  lines  labeled  v',  etc.  Now,  one  of  the  rules  of  quantum 
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mechanics  is  that  when  energy  is  absorbed  by  a  molecule  only  just  that 
disci  ete  amount  necessary  to  go  from  a  lower  vibrational  energy  level  to  a 
higher  one  in  the  same  or  in  a  higher  electron  state  can  be  absorbed.  In  this 
statement  the  rotational  energy  levels  have  been  neglected  as  giving  rise 
onb  to  a  second  oidei  effect,  a  fine  structure  based  on  the  vibrational  energy 
level.  The  Franck-Condon  principle  allows  one  to  predict  which  of  the 
possible  discrete  energy  jumps  is  the  most  probable. 

Plotted  on  an  arbitrary  scale  with  the  horizontal  lines  representing  the 
vibration  levels  t\-  as  abscissae  are  curves  representing  the  probability 
density  functions  Vvi  for  the  given  vibrational  level  in  the  particular  elec¬ 
tron  energy  state.  These  wave-like  functions  are  derived  from  quantum 
mechanics  (26)  and  it  is  a  basic  result  of  the  theory  that  the  probability  of 
transition  is  given  by  the  square  of  the  absolute  value  of : 

Rvl  v'j'  =  Re  J  r  dr. 


Here  double  prime  refers  to  the  lower  electron  state  and  prime  to  the  upper, 
and  the  integral  is  carried  out  over  all  values  of  r,  the  internuclear  distance. 
Re  is  the  corresponding  function  for  the  transition  between  the  two  elec¬ 
tronic  states  in  question.  A  glance  at  Fig.  6  shows  that  for  this  imaginary 
molecule  the  T  functions  for  the  lowest  state  v0 ,  and  for  the  vibrational 
level  v"  will  give  the  largest  product  of  any  of  those  shown.  For  any  higher 
levels  in  the  prime  state  r  will  be  smaller.  Thus  one  can  say  that  RV'2V'0'  gives 
the  largest  probability  of  transition.  Instead  of  going  through  quantum 
mechanical  calculations,  one  can  obtain  the  same  result  on  the  grounds 
that  the  most  probable  transition  is  that  vertically  upward  from  the  center 
of  the  minimum  of  the  lowest  electronic  state.  This  is  the  simplest  state¬ 
ment  of  the  Franck-Condon  principle. 

Transition  to  electron  state  I  merely  produces  an  internally  excited 


molecule.  Transition  to  electron  state  II  adds  so  much  energy  to  the  mole¬ 
cule  that  it  is  no  longer  stable,  and  the  atoms  fly  apart.  There  aie  highei 
electron  energy  states  for  the  molecule,  not  shown  in  Fig.  6,  which  corre¬ 
spond  to  the  flying  away  of  an  electron  in  much  the  same  manner.  These 
can  give  rise  either  to  positively  charged  molecules  or  positively  charged 
atoms  depending  on  their  resemblance  to  state  I  or  state  II  in  I  ig.  6. 

Bleakney  (27)  has  shown  that  for  hydrogen  the  results  of  mass  spectrom¬ 
eter  ion  abundance  measurements  are  in  accord  with  the  tenets  of  this 
view  of  the  process  of  ionization.  Figure  7  shows  a  representation  similar 
to  his  of  the  theoretically  predicted  energy  states  which  will  lead  to  ions. 
Curve  a  represents  the  normal  state  of  hydrogen  molecules.  Curve  b  is  the 
corresponding  repulsive  state  leading  to  neutral  hydrogen  atoms  which 
cannot  be  detected  by  the  mass  spectrometer  and  so  is  not  ot  interest. 
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Curve  c  on  the  other  hand,  results  in  H2+  if  the  transition  is  made  to  the 
lower  portion  of  the  curve;  in  H+  if  transition  is  made  to  the  upper  portion. 
Curve  d,  the  repulsive  state  corresponding  to  curve  c,  will  always  lead  to 
H+  ions,  and  these  will  have  kinetic  energy.  Curve  e,  not  shown  in  Fig.  7, 
the  simple  Coulomb  repulsion  of  two  H+  ions,  would  also  give  rise  to  H+ 
ions  with  kinetic  energies.  From  the  more  exact  form  of  b  ranck-Condon 
principle  and  the  location  of  these  curves,  Bleakney  predicted  H2+  would 


NUCLEAR  SErARATTON 
(ANG3TROU  UNITS) 


p,  .  0m!  a  ,ue^y  CUrves  fT,  H-  moIcculc’  after  H.  D.  Smyth  (Revs.  Modern 
1  nys.  6,  >147-91  (1931))  Curves  a  and  b  are,  respectively,  the  attractive  and  repulsive 
curves  for  the  approach  of  two  neutral  II  atoms.  Curves  c  and  d  are  the  same  for  the 
approach  of  an  H+  ion  and  a  neutral  II  atom 


first  appear  at  about  15.25  volts  and  H+  at  17.9  volts.  The  shaded  area 
in  Fig.  7  shows  the  basis  for  these  predictions.  At  about  27  volts  one  would 
expect  the  first  appearance  of  H+  with  kinetic  energy.  The  corresponding 
values  which  he  found  experimentally  were  15.4  ±  0.1  volts  18  0  ±  0  2 
volts  and  26  ±  1  volts. 

Condon  (2o)  has  pointed  out  that  the  potential  energy  curves  given  in 
*lg/  '  acc«™tely  also  those  for  deuterium.  However,  the  width 

of  the  shaded  band  which  indicates  the  region  in  which  transitions  favored 


92 


J.  J.  MITCHELL 


>y  the  Franck-Condon  principle  will  occur  is  considerably  smaller  than 
or  hydrogen  because  the  mass  of  the  atoms  is  doubled.  The  doubled  mass 
lowers  the  zero  point  energy  so  that  the  vibrational  levels  are  lower  and 
hence  the  T  1  unctions  sharper.  Thus,  for  bombarding  electrons  between 
about  18  and  35  volts,  the  yield  of  D+  relative  to  D2+  should  be  smaller 
than  that  of  H+  relative  to  H2+.  For  electron  energies  below  35  electron 
volts,  an  approximate  theoretical  value  for  the  ratio  has  been  developed 
(28).  While  the  ratio  of  H+  to  H2+  ions  calculated  did  not  match  well  that 


Fig.  8.  Ionization  efficiency  curve  for  H>+,  after  Tate  and  Smith  ( Phys .  Rev. 39, 
270-7  (1932)). 


found  experimentally  (29),  the  theory  was  successful  (29)  in  predicting 
the  ratio 

R  =  (H+/H.+)/(D+/D.+)  =  2. 

This  followed  because  the  difference  between  transition  probabilities  for 
hydrogen  and  deuterium  is  only  that  due  to  the  diffeient  masses.  Foi  this 
reason  the  errors  in  the  relative  proportions  ol  monatomic  to  molecular 
ions  cancel  out  when  hydrogen  and  deuterium  are  compared. 

Figure  8  shows  an  actual  ionization  efficiency  curve  for  H2+  from  H2. 
This  is  a  plot  of  ion  current  as  a  function  of  the  energy  of  the  ionizing 
electrons.  The  actual  shape  of  the  curve  is  a  function  of  two  factors.  One 
has  to  do  with  the  transition  efficiencies  already  discussed.  Ihe  other  has 
to  do  with  the  efficiency  of  the  mass  spectrometer  in  recording  the  ions 
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produced.  As  has  already  been  pointed  out  ions  formed  by  transitions  of  the 
molecule  to  very  high  energy  states  will  have  appreciable  kinetic  energies. 
It  has  been  shown  (30)  that  the  mass  spectrometer  actually  discriminates 
against  such  ions.  In  others  words,  even  if  the  transition  efficiency  is  high 
there  is  still  the  possibility  that  the  mass  spectrometer  efficiency  is  low. 

III.  Mass  Spectra  of  Hydrocarbons 

In  practice  mass  spectrometers  use  electron  energies  ol  from  50  to  100 
electron  volts.  The  prediction  as  to  the  relative  numbers  ol  H+  and  H2+ 


TABLE  I 


Typical  Mass  Spectra  of  r-Butane  and  Isobutane 
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7.42 

16.6 

56 

6.20 

13.9 

36 

0.25 

1.21 

57 

19.2 

110 

37 

6.71 

35.8 

58 

100.00 

100.00 

38 

14.6 

S6.8 

59 

4.35 

4.35 

39 

112 

658 

60 

0.07 

0.07 

40 

15.8 

99.8 

Sensitivity  (chart  divisions  per  mi- 

41 

205 

1440 

cron  of  sample  pressure) 

42 

92.5 

1210 

43 

735 

3670 

3.86 

0.89 

44 

24.1 

119 

45 

0.30 

1.41 

ions  expected  from  such  high  energy  electrons  is  complicated  by  the  fact 
there  are  between  curve  c  and  curve  e  of  Fig.  7  a  considerable  number  of 
electronic  states  of  H2+  which  must  be  taken  into  consideration. 

To  add  to  this  confusion  imagine  the  difficulty  of  visualizing  the  energv 
states  of  a  molecule  with  fourteen  atoms  instead  of  two.  The  prediction  of 
ie  atlve  lon  intensities  becomes  hopeless.  In  such  a  case  there  is  much  more 
sense  m  looking  at  the  mass  spectrum  of  the  molecule  to  see  if  correlations 
exist  between  the  properties  of  the  molecule  and  the  spectrum  than  there 

tvffirM  Pt  10  PiedlCt  the  SpeCtrum  from  theory-  In  Table  I  are  given 
A  pic al  mass  spectra  tor  n- butane  and  isobutane  (31).  Before  considering 

the  relation  of  the  values  given  to  molecular  propertied  a 
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lion  legal  ding  the  presentation  of  the  spectra  is  in  order.  Since  it  was  dis¬ 
covered  early  that  the  relative  ion  intensities  remained  more  nearly  con¬ 
stant  than  did  the  absolute  intensities,  it  has  become  customary  to  base  the 
mass  spectrum  on  one  peak  as  100.00.  Practice  varies  as  to  whether  the 
molecule  ion  or  the  ion  giving  the  greatest  current  is  chosen  as  the  base. 
In  order  that  this  information  may  be  converted  to  absolute  intensities 
if  desired,  the  sensitivity,  or  peak  height  per  unit  sample  pressure,  of  the 
base  peak  is  usually  also  cited. 

This  practice  is  not  as  arbitrary  as  it  might  seem  since  it  is  usual  experi¬ 
ence  to  find  for  a  given  instrument  that  the  relative  intensities  or  “pattern 
coefficients”  for  a  compound  remain  constant  over  periods  of  time  during 
which  the  sensitivity  varies  by  several  per  cent. 

In  Table  I  the  molecule  ion  has  been  chosen  as  the  base  peak  for  both 
patterns.  Ions  with  a  single  carbon  atom  have  been  omitted  solely  for 
convenience.  The  50  volt  electrons  used  in  producing  these  mass  spectra 
can  be  seen  to  have  led  to  the  presence  of  every  conceivable  fragment  of 
the  original  molecule.  In  fact,  at  first  sight  there  appear  to  be  more  than 
the  conceivable  number.  The  ion  intensities  for  m/e  =  44  and  45  cannot 


correspond  to  C3H7+;  however,  they  do  correspond  to  C12H2 — C12H2 — C13H3+ 
or  C12H2 — C12H2 — C12H2D+  and  to  C12H2— C13II2— C13H3+,  C12H2— C12H2— 


C13H2D+,  or  C12H2 — C12H2 — C12HD2+,  respectively.  In  the  above  ions  the 
position  of  the  heavy  isotopes  is  arbitrary,  and  actually  they  can  occur  in 
any  position  in  the  ion.  The  amounts  of  contributions  due  to  the  rare  heavy 
isotopes  will  depend  on  their  abundance  in  nature,  1.1%  for  carbon  thir¬ 
teen  and  0.02%  for  deuterium  (2).  It  should  be  appreciated  that  each  ion 
species  C„Hm+  contributes  to  the  ion  intensities  of  the  m/e  values  next 
heavier  to  the  m/e  corresponding  to  the  ordinary  isotopes. 

Several  features  of  Table  I  are  of  interest  in  regard  to  the  properties  of 


the  two  molecules,  n- butane  and  isobutane.  First  the  m/e  =  43  ion  is  the 
most  abundant  in  both  spectra.  This  indicates  that  breaking  of  a  CII3 
carbon-carbon  bond  is  more  probable  than  either  the  breaking  ol  a  carbon- 
hydrogen  bond  or  a  C2II5  carbon-carbon  bond.  It  is  interesting  to  note  that 
the  absolute  intensities  for  m/e  =  43  are  2840  divisions  per  micion  toi 
n- butane  and  3270  divisions  per  micron  for  isobutane.  Thus  the  difference 
between  primary  and  secondary  carbon-carbon  bonds,  while  in  the  direc¬ 
tion  expected  from  chemical  experience  is  fairly  small. 

Another  obvious  point  is  that  in  the  group  of  ions  having  two  carbon 
atoms  m/e  =  29  is  most  abundant  for  n-butane  and  m/e  =  27  for  isobutane. 
CoH6+  is  the  C2  ion  which  is  formed  by  breaking  the  least  number  ot  bonds 
in  n- butane;  it  cannot  be  formed  from  isobutane  without  internal  rear¬ 
rangement  during  ionization.  C2H4+  is  the  C2  ion  which  is  formed  by  break¬ 
ing  the  least  number  of  bonds  in  isobutane. 
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IV.  Use  of  Mass  Spectra  in  Quantitative  Analysis 

The  property  of  hydrocarbons  which  allows  one  to  use  mass  spectra  for 
the  analysis  of  hydrocarbon  mixtures  is  the  possession  of  an  unique  pattern 
by  each  hydrocarbon.  Table  II,  taken  from  a  paper  by  Washburn  et  al.  (32), 
gives  a  concise  exposition  of  their  “complete  direct  method”  as  applied  to 
a  mixture  of  n-  and  isobutane,  propane,  ethane,  and  methane.  The  “peak 
height”  shown  in  the  column,  “M,  Mixture  Peaks,”  represents  the  ion 
current  measured  for  the  ionic  fragment  having  the  mass  shown  and  hence 
is  a  measure  of  the  abundance  ol  that  fragment. 

It  is  evident  from  the  molecular  formulas  of  the  compounds  in  the  mixture 
that  only  n-  and  isobutane  can  contribute  ionic  fragments  of  mass  57  and 
58.  Therefore,  the  percentage  of  these  two  compounds  can  be  computed 
from  the  simultaneous  equations  (1)  and  (2)  shown  at  the  bottom  of  Table 
II.  The  italic  coefficients  were  determined  in  pure  gas  calibration  measure¬ 
ments  not  shown  in  the  table.  The  second  and  third  columns  show  the 
contributions  of  n-  and  isobutane  to  the  mixture  peak  heights  as  calculated 
from  their  percentages  and  the  patterns  of  the  pure  gases.  Now  if  one  sub¬ 
tracts  these  contributions  from  the  mass  44  peak,  the  remainder  is  due  only 
to  propane.  Its  percentage  is  calculated  from  this  remainder  value  as  shown 
at  the  bottom  of  Table  II.  By  proceeding  in  the  same  manner  with  the 
remaining  compounds,  one  may  calculate  the  percentage  of  the  other  com¬ 
ponents. 

As  the  mixtures  grow  more  complex,  occasions  arise  where  a  large  number 
of  simultaneous  linear  equations  must  be  solved.  This  computational  diffi¬ 
culty  has  turned  out  to  be  the  most  time-consuming  part  of  carrying  out 
analyses  by  means  of  the  mass  spectrometer.  Matrix  algebra  is  of  consider¬ 
able  help  if  most  of  the  mixtures  analyzed  have  the  same  components.  In 
such  a  case  the  labor  of  computing  the  inverse  of  the  matrix  of  the  coeffi¬ 
cients  of  the  equations  is  more  than  repaid  by  the  fact  that  each  new  mix¬ 
ture  calls  only  for  a  change  in  the  constant  terms  of  the  equations  and 
hence  the  inverse  matrix  allows  very  rapid  solution  of  each  new  set  of 
equations. 


Another  labor  saving  device  is  an  electrical  simultaneous  linear  equation 
calculator.  There  is  one  now  on  the  market  (33)  which  will  solve  twelve 
equations  in  twelve  unknowns  as  accurately  as  is  necessary  for  carrying 
out  mass  spectrometric  analyses. 


The  difference  between  the  sum  of  the  calculated  contributions  to  each 
mass  and  the  actual  peak  height  in  the  mixture  spectrum,  shown  in  Table 
II  in  the  column  called  “Residuals,”  is  a  valuable  check  on  the  accuracy  of 
the  analysis  Of  course,  the  method  of  calculation  used  made  the  residuals 
oi  masses  16,  30,  44,  57,  and  58  exactly  equal  to  zero,  but  this  does  not 
cairy  over  to  the  other  masses.  In  general,  if  the  analysis  is  to  be  good,  all 
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TABLE  II 


Analysis  of  Depropanizer  Overhead 


Mass 

M,  Mixture 
Peaks 

w-Butane 

Isobutane 

Propane 

Ethane 

Methane 

2,  sum  of 
component 
peaks 

M  —  2, 
residuals 

15 

167.3 

1.0 

1.6 

30.4 

23.0 

110.3 

166.3 

+  1.0 

16 

1344 

0.0 

0.0 

0.9 

0.8 

132.7 

134.4 

0.0 

26 

146.1 

1.6 

0.9 

37.6 

106.4 

146.5 

-0.4 

27 

361.6 

10.8 

12.1 

183.0 

158.0 

363.9 

-2.3 

28 

777.8 

9.3 

1.2 

275.3 

494.4 

780.2 

-2.4 

29 

593.1 

12.5 

2.6 

467.8 

105.6 

588.5 

+2.4 

30 

130.0 

0.3 

0.0 

10.0 

119.7 

130 

0.0 

31 

2.4 

2.5 

2.5 

-0.1 

38 

24.0 

0.5 

1.2 

21.9 

23.6 

+0.4 

39 

98.0 

4.3 

8.7 

84.6 

97.6 

+0.4 

40 

14.7 

0.6 

1.3 

13  0 

14.9 

-0.2 

41 

94.1 

9.0 

18.9 

65.8 

93.7 

+0.4 

42 

49.9 

3.9 

15.6 

30.2 

49.7 

+0.2 

43 

207.4 

32.2 

49.8 

124.5 

206.5 

+0.9 

44 

145.3 

1.0 

1.6 

142.7 

145.3 

0.0 

45 

4.6 

0.0 

4.6 

4.6 

0.0 

50 

0.6 

0.3 

0.3 

0.6 

0.0 

51 

0.5 

0.3 

0.3 

0.6 

-0.1 

52 

0.1 

0.1 

0.1 

0.2 

-0.1 

53 

0.6 

0.3 

0.3 

0.6 

0.0 

54 

0.1 

0.1 

0.0 

0.1 

0.0 

55 

0.7 

0.3 

0.2 

0.5 

+0.2 

56 

0.5 

0.3 

0.2 

0.5 

0.0 

57 

2.5 

0.9 

1.6 

2.5 

0.0 

58 

5.0 

3.8 

1.2 

5.0 

0.0 

59 

0.2 

0.2 

0.0 

0.2 

0.0 

Mole  per  cent 


n-Butane 

Isobutane  -  00 ' 

Propane  (145.3  —  1.0  —  1.60)  0.269  — 

Ethane  (130.0  -  0.3  -  0  -  10.0)  0.3175  =  38.0 

Methane  (134.4  _  0  -  0  -  0.9  -  0.8)  O.Vfi  -  19.4 

Computation  of  per  cent  of  n-  and  isobutane: 

(1 )  From  peak  57 : 

0.503  pn  +  0.654  pi  =  2.5 


(2)  From  peak  58: 

2.10  ptl  +  0498  pi  =  5.0 
where  p»  =  per  cent  of  w-butane 
and  pi  =  per  cent  of  isobutane 
Italic  coefficients  are  obtained  from  c 


alibration  mass  spectra 


of  pure 


compounds. 


of  those  residuals  not  identically  zero  should 
the  corresponding  mixture  peak. 


bo  less  in  value  than 


1  %  of 
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Often  if  only  one  unexpected  compound  is  present,  say  air,  its  mass  spec¬ 
trum  can  be  recognized  in  the  residuals  by  an  experienced  computer.  If  a 
calibration  pattern  for  the  unexpected  compound  can  be  obtained,  its  per¬ 
centage  in  the  mixture  can  then  also  be  computed.  In  other  cases  laige 
residuals  indicate  only  the  presence  of  a  disturbing  compound  or  compounds, 
and  other  means  have  to  be  used  to  discover  their  identities. 

If  the  reader  wishes  a  more  detailed  explanation  together  with  the  specific 
computations  for  an  actual  test  mixture,  he  is  referred  to  a  paper  (31)  pub¬ 
lished  by  the  National  Bureau  of  Standards. 

From  the  above  description  of  the  complete  direct  method  of  computa¬ 
tion,  it  is  apparent  that,  if  one  does  not  care  to  check  one’s  accuracy  by 
means  of  residuals,  a  short  cut  may  be  taken.  This  “partial  direct  method” 
consists  of  measuring  only  those  peak  heights  necessary  for  the  calculation 
of  the  composition  of  the  mixture.  Using  these  peak  heights  in  the  same 
manner  as  in  the  complete  direct  method,  one  saves  the  time  needed  to 
make  the  parallel  computations  for  the  fragments  neglected. 

Washburn  et  al.  (32)  also  describe  a  more  rapid  method  of  analysis  to 
be  used  where  one  analyzes  only  samples  of  nearly  identical  composition 
such  as  would  be  encountered  in  many  practical  cases.  This  method  is 
called  the  “comparison  method”  because  it  is  based  on  the  use  of  a  known 
gas  mixture,  of  composition  closely  approximating  that  of  the  unknown 
mixtures,  whose  mass  spectrum  is  compared  with  that  of  the  unknown  mix¬ 
ture.  The  small  differences  between  the  peak  heights  in  the  two  spectra 
can  then  be  used  to  calculate  the  exact  composition  of  the  unknown  mixture. 
This  method  of  analysis,  whenever  it  can  be  used,  offers  several  advantages 
over  the  direct  method.  First,  calibration  of  the  mass  spectrometer  with  the 


pure  gases  in  the  mixture  need  be  made  only  about  once  a  month,  whereas 
experience  has  shown  that  with  the  direct  method  once  weekly  is  usually 
necessaiy.  these  periodic  calibrations  must  be  made  because  instrument 
conditions  change  gradually  with  time.  Second,  in  the  comparison  method 
all  the  data  necessary  for  an  analysis  are  taken,  but  if  inspection  of  the 
record  shows  no  or  a  very  small  change  from  the  spectrum  of  the  standard 
sample,  one  need  not  make  a  calculation  in  order  to  obtain  the  analysis  of 
the  unknown  sample.  Third,  the  actual  process  of  computation  for  the 
comparison  method  takes  less  time.  In  Table  III  is  shown  experience  (30) 
with  the  time  in  man-hours  necessary  to  analyze  three  typical  gas  mixtures 
>y  the  direct  method  and  by  the  comparison  method.  It  illustrates  the  time 
saving  to  be  expected  when  the  comparison  method  can  be  used.  If  the 
un  mown  and  control  samples  are  very  nearly  the  same,  the  time  required 
or  analysis  will  be  much  shorter  than  that  shown.  If,  on  the  other  hand 

^mct  ^tUd  y  "™y  ^  'Vi"  be  °f  the  °rde*'  <>f  **  *»■  'ho 
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In  both  the  direct  and  comparison  methods,  the  partial  pressure  of  a 
given  compound  present  is  calculated  from  the  sensitivity  in  divisions  per 
unit  sample  pressure  and  the  necessary  peak  height  contribution.  Thus,  in 
order  to  obtain  the  mole  per  cent,  one  needs  also  to  measure  the  total  pres¬ 
sure  ot  the  mixture.  The  fact  that  the  sum  of  all  the  partial  pressures  should 
equal  this  is  a  valuable  check  if  all  components  are  determined. 

If  one  is  willing  to  run  in  addition  a  mass  spectrum  of  a  mixture  contain¬ 
ing  known  amounts  of  each  component,  one  can  do  away  with  the  neces¬ 
sity  for  measuring  sample  pressures  (34).  The  simplest  way  to  illustrate  the 
use  of  this  method  is  to  run  through  the  analysis  of  a  two  component  mix¬ 
ture  using  both  schemes.  In  the  direct  method  one  measures  the  peak 
heights,  A  and  B,  for  two  peaks  for  the  pure  compounds  at  known  pres¬ 
sures  P.  One  can  then  compute  a  sensitivity  for  each  peak  SA  =  A/P , 


TABLE  III 

Time  Required  for  Gas  Analysis 
(Man-Hours) 


Type  of  mixture 

Complete  di¬ 
rect  method 

Comparison 

method 

Synthetic  Ci  to  C4  paraffin-olefin  mixture . 

3.25 

2 

Typical  feed  stocks  for  catalytic  polymerization  and  acid 
alkylation  (C3  to  C5  paraffin-olefin  mixture) . 

3.5 

2 

Synthetic  C4  paraffin-olefin-diolefin  mixture . 

2.5 

1.5 

etc.  Next  one  measures  the  heights  of  the  same  two  peaks  in  the  unknown 
mixture  M.  The  partial  pressures  pi  anti  p>  ot  the  two  components  are  then 
given  by  the  equations: 

Sa1  Pi  4“  V"-  =  Am 

SBl  Pi  +  Sb2  Pz  =  B m  . 


If  one  does  not  wish  to  measure  the  sample  pressures  and  has  at  hand  a 
known  mixture  of  the  two  components,  one  measures  two  peak  heights 
and  B  for  both  pure  components  and  for  the  known  mixture.  The  ratio 
R  =  A/b  gives  the  ratio  of  the  sensitivities  K  =  SJ SB  directly  since 
the  pressure  factors  out.  The  peak  heights  for  the  known  mixture  Mo  are 

given  by 


AMo  =  pi  SAl  +  P*  Sa2 

B Mq  =  Pi  SBl  +  P 2  $ Bo  * 
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Since  this  is  a  known  mixture,  the  mole  ratio  FMq  =  P1/P2  is  known.  Using 
these  relations  one  can  write: 

SBi  _  Rm0  Ri 

-  —  - —  1  A/q  • 

B 1  R%  Rmo 

Exactly  the  same  reasoning  leads  to  the  expression  for  the  unknown  mix¬ 
ture  : 

R%  Rmu  Fb2 

Mu  =  Rmu  -  Rl  '  ' 

In  other  words,  the  mole  ratio  in  the  unknown  mixture  is  given  by: 


Mu 


Rm0  ^1 

Ri  —  Rm  o 


Rj  ~  Rmu 
Rmu  Ri 


If  one  writes  the  solution  to  the  equations  for  the  direct  method  in  the 
same  form  one  has: 


Pi  Am  R2  A^,Rm 
Pi  A i  Bm  Am  Ri 


The  relative  accuracies  of  the  two  methods  depend  on  how  accurate  a 
known  mixture  one  can  prepare  or  procure  in  the  one  case  or  on  how  ac¬ 
curately  one  can  measure  sample  pressures  in  the  other  case. 

A  successful  extension  of  the  idea  of  using  a  mass  spectrum  to  identify 
a  compound  has  been  developed  (35).  The  method  comprises  using  the 
mass  spectra  of  decomposition  products  of  rubbers,  plastics,  or  other 
solids  not  suitable  for  direct  introduction  to  the  mass  spectrometer  to 
identify  the  original  materials.  The  procedure  is  simply  to  heat  a  0.01  g. 
sample  in  an  evacuated  ampoule  to  400°C.  for  10  minutes  and  to  admit  the 
resulting  pyrolysis  products  to  the  mass  spectrometer.  In  this  manner 


many  ol  the  constituents  of  the  solid  sample  can  be  detected  and  their 
amounts  measured.  The  method  has  been  used  to  identify  the  source  of  a 
scrap  of  paper  by  analyzing  the  sizing  in  the  paper  and  to  identify  the 
manufacturer  of  a  piece  of  photographic  film  from  the  film’s  analysis. 

In  the  methods  for  analysis  described  above,  the  electrons  that  break 
the  sample  molecules  into  ions  are  given  sufficient  energy  to  give  rise  to 
all  possible  ionic  fragments.  In  many  cases  the  ions  from  one  molecule  are 
identical  in  mass  with  ions  from  other  molecules.  In  the  example  given  in 
Table  II,  this  was  true  for  n-  and  isobutane.  A  patent  has  been  granted  to 

.  D  Taylor  of  the  Consolidated  Engineering  Corporation  (36)  for  a 
method  of  analysis  which  in  some  cases  simplifies  the  computations  by 
reducing  the  number  of  masses  common  to  more  than  one  constituent  of 
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a  mixture.  The  method  is  based  on  reducing  the  energy  of  the  bombarding 
electrons  to  the  point  where  only  a  few  of  the  possible  fragments  are  pro¬ 
duced  from  each  molecule.  In  the  patent,  it  is  pointed  out  that,  for  instance, 
a  mixture  of  CO  and  C02  will  give  rise  only  to  CO+  ions  from  CO  and  C02+ 
ions  from  C02  when  bombarded  by  electrons  with  energy  between  14.4 
and  20.4  electron  volts.  If  the  energy  of  the  electrons  were  higher,  C02 
would  also  give  rise  to  CO+  ions.  Thus,  by  reducing  the  electron  energy, 
one  can  obtain  the  ratio  of  CO  to  C02  by  measuring  the  ratio  of  CO+  to 
C02+,  whereas  if  the  energy  were  higher  this  would  not  be  possible. 

The  appearance  potentials  of  ions  from  the  hydrocarbons  are  almost  all 
in  the  range  from  10  to  15  electron  volts.  Therefore  this  method  is  not 
generally  useful.  However,  there  has  been  one  case  in  which  it  has  been 
used  with  great  success.  The  appearance  potentials  of  ions  from  free  radicals 
are  quite  a  bit  lower  than  for  the  corresponding  hydrocarbons  (37).  Thus 
the  electron  energy  can  be  adjusted  so  that  ions  are  produced  from  free 
radicals  present  in  a  hydrocarbon  mixture  with  no  production  of  ions  from 
the  hydrocarbons  themselves.  Very  interesting  results  have  been  obtained 
by  determining  concentrations  of  free  radicals  in  hydrocarbon  mixtures 
in  this  way  under  various  experimental  conditions  (38,  39). 

It  would  appear  from  the  foregoing  that  if  one  wishes  to  determine  the 
concentration  of  only  one  hydrocarbon  in  a  complex  mixture  by  means  of 
the  mass  spectrometer,  first,  the  mixture  must  not  contain  compounds 
which  cannot  be  introduced  to  the  mass  spectrometer  and,  second,  the 
concentration  of  a  large  proportion  of  the  compounds  present  in  the  mixtuie 
must  be  determined  in  order  to  find  the  desired  one.  Ihe  “isotopic  dilution 
method”  (40,  41,  42,  43)  allows  one  to  avoid  these  difficulties.  In  this 
method,  for  which  the  mass  spectrometer  is  used  only  to  measure  heavy  car¬ 
bon  percentages,  reliance  is  placed  on  the  chemical  similarity  ot  the  carbon 
isotopes.  In  one  way  of  using  this  method  to  determine  the  concentration 
of  a  hydrocarbon  in  a  complex  mixture  one  adds  to  a  measured  amount  M 
of  the  mixture  a  known  amount  W  of  that  hydrocarbon,  in  which  the  heavy 
carbon  percentage  is  greater  than  that  naturally  occurring.  Now  if  one 
chemically  separates  a  pure  sample  of  the  hydrocarbon  from  this  new  mix¬ 
ture  and  measures  its  heavy  carbon  percentage,  one  is  in  a  position  to  calcu¬ 
late  the  amount  W'  of  the  hydrocarbon  present  in  the  original  mixture.  It 
has  been  shown  (42)  that  W  is  given  by 


W  =  w 


where  X  is  the  amount  the  heavy  carbon  percentage  was  in  excess  of  the 
natural  value  in  the  added  hydrocarbon  and  X'  is  the  excess  percentage 
after  the  hydrocarbon  was  added  to  the  mixture  and  a  pure  sample  iso¬ 
lated  The  concentration  W  per  M  is  then  directly  calculable. 
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It  will  be  seen  that  the  accuracy  of  the  method  depends  on  the  degree 
to  which  the  natural  and  heavy  hydrocarbons  are  identical  with  regard  to 
the  separation  process.  Its  accuracy  of  course  depends  on  the  accuracy  of 
measurement  of  X,  X',  M,  and  W  and  on  how  effectively  the  hydrocarbon 
has  been  purified  after  separation,  but  it  does  not  depend  on  the  complete¬ 
ness  of  the  removal  of  the  hydrocarbon  from  the  mixture.  It  is  the  latter 
property  which  makes  this  method  important.  It  is  easy  to  remove  all  of 
a  given  compound  in  an  impure  state  or  part  ol  it  in  a  pure  state  from  many 
complex  chemical  mixtures,  but  it  is  almost  impossible  to  remove  all  of 
the  compound  in  a  pure  state.  If  the  latter  were  easy,  one  would  simply 
measure  the  amount  removed  to  obtain  the  concentration  of  the  hydro¬ 
carbon  in  the  mixture.  Addition  of  a  known  amount  of  a  hydrocarbon  en¬ 
riched  in  heavy  carbon  and  measurement  of  the  isotopic  dilution  due  to 
the  unknown  amount  of  the  natural  compound  in  the  mixture  allows  one 
to  take  advantage  of  the  fact  that  it  is  easy  to  separate  part  of  the  hydro¬ 
carbon  from  the  mixture  in  the  pure  state. 

The  present  day  situation  with  regard  to  isotope  concentration  makes 
a  word  of  caution  necessary.  Strictly  speaking,  the  equation  for  W  should 
have  been 


W  =  W 


X  -  X'  M 
X  M' 


where  M  is  the  molecular  weight  of  the  natural  compound  and  M'  that  of 
the  heavy  analogue  (44).  Thus,  if  one  is  analyzing  for  butane  and  adds 
butane  containing  20  atom  %  heavy  carbon,  M/M'  =  0.986.  If  this  were 
neglected,  one  would  be  in  error  by  1.4%  with  regard  to  W. 


V.  Factors  Controlling  Analytical  Accuracy 


1  his  question  of  accuracy  is,  of  course,  one  of  great  importance  in  analytical 
work.  Before  going  on  to  actual  experience  in  the  use  of  the  mass  spectrom¬ 
eter  in  hydrocarbon  analysis,  it  will  be  well  to  consider  the  factors  con¬ 
tinuing  analytical  accuracy.  In  the  descriptions  given  above,  it  has  been 
tacitly  assumed  that  for  each  compound  there  is  a  unique  pattern  which  is 
always  the  same  and  the  intensity  of  which  is  directly  proportional  to  the 
concentration  of  that  compound  in  any  mixture.  None  of  these  assumptions 
is  exactly  true.  Yet,  if  conditions  are  chosen  properly,  they  can  be  near 
enough  true  so  that  the  limiting  factor  in  analytical  accuracy  will  be  the 

accuracy  with  which  one  can  read  the  peak  heights  in  the  experimental  mass 
spectrum. 


The  assumption  of  uniqueness  of  pattern  is  the  one  that  in  many  cases  is 
he  least  well  fulfilled.  For  instance,  as  shown  in  Table  IV,  the  spectra  of 
the  cts  and  Irons  isomers  of  butylene-2  are  very  similar  (45).  The  result  of 
this  similarity  ,s  that  the  simultaneous  linear  equations  which  one  must 
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solve  in  order  to  obtain  an  analysis  form  an  almost  singular  system.  The 
lact  that  this  means  that  the  mass  spectra  must  be  determined  with  un¬ 
usual  accuracy  in  order  that  one  may  obtain  solutions  which  are  only 
reasonably  accurate  for  these  equations  has  led  to  the  practice  of  lumping 
structural  isomers  or  other  compounds  which  give  very  similar  spectra  and 
reporting  only  the  total  concentration  of  the  lumped  group.  If  accurate 
analysis  of  the  separate  compounds  in  the  group  is  desired,  it  is  necessary 
to  separate  the  groups  by  some  means,  such  as  low  temperature  fractional 
distillation,  from  the  rest  of  the  mixture.  When  this  is  done  and  mass  spec¬ 
trometer  analysis  is  applied,  one  can  obtain  satisfactory  accuracy.  Table  V 
shows  an  analysis  done  with  a  Westinghouse  mass  spectrometer  on  a 

TABLE  IV 


Mass  Spectra  of  the  Butylene-2’s 
(Electron  Energy  50  Electron  Volts) 


m/e 

cts-Butylene-2 

<ra«y-Butylene-2 

m/e 

m-Butylene-2 

/ra«s-Butylene-2 

56 

100 

100 

29 

26.7 

32.3 

55 

38.6 

40.0 

28 

57.7 

56.3 

54 

7.3 

6.8 

27 

62.6 

59.1 

53 

13.7 

14.5 

26 

20.0 

18.1 

52 

3.5 

3.6 

51 

10.4 

10.2 

15 

9.9 

9.0 

50 

10.3 

10.0 

14 

1.8 

1.6 

42 

6.0 

5.9 

41 

187 

194 

40 

13.2 

12.3 

39 

69.2 

65.7 

mixture  of  butylene-1,  1 ,3-butadiene,  and  the  cis-  and  (rans-butylene-2  » 
(46).  The  indicated  accuracy  is  2.5%  of  the  actual  value  or  better. 

If  one  is  satisfied  with  a  less  accurate  analysis,  one  can  proceed  with  the 
straightforward  analytical  scheme.  While  the  sum  ot  the  percentages  found 
still  give  an  accurate  lumped  concentration,  because  ol  the  similarity  of 
all  the  butylene  spectra  the  individual  values  can  easily  be  in  error  by  20% 


of  the  value  measured.  , 

The  assumption  of  constancy  of  pattern  is  more  complicated,  but  on  t  ic 

other  hand  it  can  be  satisfied  with  considerable  success.  One  vital  factor 
in  maintaining  constancy  of  pattern  is  instrumental  stability.  The  amplifier 
that  magnifies  the  ion  current  so  that  it  may  be  measured  more  accurately 
must  have  an  amplification  factor  which  does  not  change  appreciably  while 
a  mass  spectrum  is  being  measured.  The  same  must  be  true  of  the  ioni¬ 
zing  electron  current  since  ion  production  is  directly  proportional  to 
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number  of  bombarding  electrons.  Another  vital  factor  is  the  behavior  of  the 
ionization  chamber.  It  goes  without  saying  that  the  energy  of  the  bom¬ 
barding  electrons  should  remain  constant.  If  it  does  not,  the  mass  spectrum 
shifts  because  new  points  on  the  ionization  efficiency  curves  for  the  different 
ions  are  reached  each  time  a  measurement  is  made.  However,  although 
in  this  case  instrument  stability  is  necessary,  it  is  not  sufficient.  As  vaiious 
samples  are  run  through  the  mass  spectrometer,  the  surfaces  of  the  electrodes 
in  the  ionization  chamber  will  collect  and  lose  contaminants  depending  on 
the  nature  of  the  samples.  The  net  result  is  that  the  contact  potentials  be¬ 
tween  electrodes  change.  Thus,  even  though  the  voltage  placed  on  the  elec¬ 
trodes  may  be  maintained  constant,  potentials  between  them  need  not  stay 
constant.  In  hydrocarbon  analysis  this  effect  is  usually  minimized  by  the 
fact  that  all  hydrocarbons  have  essentially  the  same  action  on  the  electrode 
surfaces.  However,  if  other  types  of  compounds  are  present  in  the  mix- 


TABLE  V 

Analysis  of  a  Mixture  of  C4  Olefins 


Compound 

Amounts  pres¬ 
ent  in  synthetic 
mixture 

Mass  spec¬ 
trometer 
analysis 

Bu.tylene-1 . 

% 

3.7 

% 

4.1 

cis-Butvlene-2 . 

18.3 

20 

<rans-Butylene-2 . 

31.1 

28.6 

1,3-Butadiene . 

46.9 

47.3 

ture,  general  practice  has  been  to  “condition”  the  spectrometer  for  various 
periods  with  a  pure  hydrocarbon. 

If  insulating  layers  are  built  up  on  the  electrode  surfaces,  charges  can 
be  formed  on  them  which  will  shift  the  position  of  the  electron  beam.  This 
in  turn  will  shift  in  space  the  volume  in  which  ions  are  being  produced,  and 
the  efficiency  with  which  ions  are  collected  by  the  first  ion  beam  collecting 
slit  v ill  change.  By  the  time  an  ionization  chamber  has  reached  this  condi¬ 
tion,  it  is  so  dirty  that  it  should  be  removed  for  cleaning. 

There  are  also  other  factors  that  affect  the  location  of  the  volume  in 
space  from  which  ions  are  collected  to  form  the  ion  beam  (24).  As  has  al¬ 
ready  been  mentioned,  it  is  good  practice  to  have  the  voltage,  Vd,  that 
draws  the  ions  toward  the  first  ion  beam  defining  slit  proportional  to  the 

ion  accelerating  voltage.  This  follows  from  the  fact  that  the  mass  spectrom¬ 
eter  equation 

m  r2  H2 


e 


2V 
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is  followed  in  the  ionization  chamber  just  as  well  as  elsewhere.  Thus, 

2Vd 


rd  =  m 


H2e 


for  a  constant  Vd  would  require  r  to  be  proportional  to  \/ m  and  ions  of  each 
mass  would  come  from  different  parts  of  the  ionization  region.  If 


then 


Vd  =  kV, 
>'d  =  kr 2 


which,  because  of  the  geometry  of  the  mass  spectrometer,  is  a  constant. 
Thus,  all  of  the  ions  will  come  from  the  same  place.  It  has  been  shown  (24) 
that  even  this  arrangement  does  not  ensure  that  the  volume  in  space  from 
which  the  ions  come  will  be  the  same  for  the  different  ions,  and  that  better 
representation  will  be  obtained  if  the  ion  accelerating  voltages  are  held 
constant  and  the  magnetic  field  is  varied  to  obtain  the  mass  spectrum. 

In  the  above  it  was  assumed  that  ions  are  formed  completely  at  rest. 
This  is  not  so  (47).  For  instance,  from  n-butane  the  C2H5+  ions  are  formed 
with  0.08  e.v.  initial  energy  whereas  the  C-tHio*  ions  have  0.04  e.v.  1  hus, 
different  ions  will  have  different  velocities  in  the  ionization  region  in  a  way 
that  depends  on  the  molecule  being  ionized  as  well  as  on  the  ionization 
chamber  conditions.  The  volume  in  space  from  which  ions  aie  collected 
will  differ  from  ion  to  ion  in  spite  of  adjustment  of  ionization  chamber  condi¬ 
tions  as  described. 

These  effects,  which  are  of  considerable  importance  if  one  wishes  to  measure 
absolute  values  of  the  relative  abundances  of  ions,  are  not  of  much  impor¬ 
tance  in  hydrocarbon  analysis  (45).  In  other  words,  in  analytical  work  if 
a  pattern  is  characteristic  of  a  compound,  its  detailed  origin  is  not  important. 

A  more  subtle  factor  in  the  effect  of  the  ionization  chamber  on  constancy 
of  pattern  is  the  chamber  temperature.  It  has  been  shown  that  the  molecule 
ion  peaks  for  isobutane,  n-butane  and  2 ,2 ,3-trimethylpentane  change 
very  rapidly  with  temperature  whereas  the  other  peaks  change  more  slowly 
(4s[  For  instance,  for  isobutane  at  70°C.  the  C4H10+  ion  is  about  twice  as 
abundant  as  the  C4H.+  ion,  but  at  180°C.  the  two  ions  are  equally  abundant. 
In  ordinary  mass  spectrometer  operation  this  temperature  elici  t  can 
brought  under  control  by  keeping  the  ambient  temperature  constant  and 
t-  ti,n  mooQ  encctrometer  under  normal  conditions  loi  about  an 
rUr  b"forf  undertaking  analyses.  The  latest  model  Consolidated  mass 
spectrometer  (20)  has  a  temperature  compensating  device  which  keeps 

""in'spite*  oTaM  Urn  rare  tlmt  may  be  taken,  the  patterns  do  change.  For 
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this  reason,  the  mass  spectra  of  the  pure  compounds  must  be  measured 
periodically  at  intervals  depending  on  the  rate  of  pattern  change  in  the 
mass  spectrometer  being  used. 

R,  E.  Honig  (49)  has  presented  an  excellent  analysis  of  the  conditions 
under  which  the  intensity  of  a  pattern  is  directly  proportional  to  the  amount 
of  the  corresponding  compound  in  the  sample  being  measured.  The  basis 
for  this  proportionality  is  the  fact  that  the  current  Ia+  due  to  an  ion  1+ 
from  a  given  pure  gas  a  is  directly  proportional  to  the  electron  current  I  ,  as 
already  stated,  to  the  concentration  pa  of  the  gas  in  the  ionizing  region,  and 
to  the  pattern  coefficient  Pa(/+)  characteristic  of  gas  a: 

Ia+  =  k  I-  Va  Pa  (/+) 


If  pa  can  be  regarded  as  directly  proportional  to  the  concentration  of 
gas  a  in  the  unknown  mixture  and  the  other  factors  are  kept  constant,  this 
pattern  intensity  is  directly  proportional  to  compound  concentration. 
Honig  has  shown  that  this  will  be  true  if  each  gas  behaves  as  if  the  other 
gases  were  not  present,  a  situation  which  obtains  when  the  gas  flow  through 
the  mass  spectrometer  obeys  the  conditions  of  “molecular  flow.”  He  points 
out  that  this  occurs  when  pressures  are  kept  low,  below  10-2  mm.  Hg,  and 
when  any  orifices  through  which  the  gases  must  flow  have  a  diameter  ^  or 
less  of  the  mean  free  path  of  the  molecules  in  the  gas. 

One  condition  ivhich  Honig  has  declared  is  necessary  can  be  neglected 
if  a  proper  alternative  is  taken.  This  condition  is  that  the  pressure  in  the 
sample  container  must  remain  substantially  constant  during  the  time  a 


mass  spectrum  is  being  measured.  If  this  is  done,  the  whole  pattern  will 
relate  to  the  original  sample  pressure  and  will  be  a  proper  measure  of 
concentration.  The  alternative  is  to  take  exactly  the  same  time  interval  for 
each  corresponding  operation  in  determining  different  mass  spectra.  Then 
if  the  sample  is  flowing  out  of  a  closed  reservoir  through  a  small  orifice  into 
the  mass  spectrometer  the  per  cent  pressure  decay  will  be  the  same  for 
each  pure  gas  spectrum  and  for  each  mixture  spectrum.  If  the  gases  in  the 
mixture  are  mutually  independent,  then  the  spectra  of  the  components 
will  be  as  truly  representative  of  the  initial  pressures  of  the  components 
present  in  the  mixture  as  though  the  pressures  had  remained  constant 
In  other  words  the  ion  current  will  have  an  additional  term  exp  [~Rat(I+)] 
where  R  is  a  leak  rate  or  pressure  decay  rate  and  t(I+)  is  the  time  after 
stmting  the  sample  into  the  mass  spectrometer  at  which  one  measures; 
1  .  i  he  necessary  and  sufficient  condition  for 


la  =  kl  PaPa  (/+)  exp  [_/^(/+)] 

to  he  exactly  comparable  for  a  pure  compound  alone  and  for  the  same  com 
pound  m  a  m.xture  »  that  ,(/♦)  must  be  a  constant.  This  fol.lTsZ 
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under  conditions  where  molecular  flow  occurs,  Ra  is  a  constant  not  depend¬ 
ing  on  the  initial  sample  pressure  or  on  the  other  gases  present. 

A  final  factor  in  the  assumption  that  the  pattern  intensity  is  proportional 
to  compound  concentration  is  one  which  is  common  to  any  method  of 
hydrocarbon  analysis.  Great  care  must  be  taken  in  sampling  mixtures 
that  are  partially  liquefied.  Otherwise  the  sample  taken  may  not  have  the 
same  concentration  as  the  original  mixture.  One  procedure  that  has  been 
found  satisfactory  in  such  cases  is  to  chill  the  mixture  so  that  it  all  liquefies, 
take  a  small  portion  of  the  liquid,  and  vaporize  the  whole  small  sample  by 
expanding  it  into  a  large  volume  (50). 

There  is  another  condition  that  does  not  apply  to  hydrocarbon  analysis 
as  such,  but  which  can  be  quite  important  if  other  related  compounds,  such 
as  alcohols,  are  present.  Some  compounds  such  as  these  adsorb  strongly  on 
glass.  Unless  the  mass  spectrometer  is  pretreated  with  a  strongly  adsorbed 
compound,  the  first  analyses  of  a  mixture  containing  it  can  be  quite  in¬ 
correct  because  that  compound  will  be  partially  removed  from  the  mix¬ 
ture  by  adsorption  on  the  way  to  the  ionization  chamber  (51).  The  same 
is  true  in  reverse  for  subsequent  analyses  of  other  mixtures  since  the  ad¬ 
sorbed  compound  is  released  slowly  and  will  appear  to  be  present  in  small 
concentrations  in  mixtures  where  it  is  really  absent.  A  sufficiently  long 
pumping  interval  between  unlike  samples  will  remove  this  difficulty. 
Heating  of  the  glass  surfaces  will,  of  course,  shorten  pumping  times  and 
minimize  adsorption  difficulties. 


VI.  Practical  Use  of  the  Mass  Spectrometer  in  Hydrocarbon  Analysis 

Now  that  the  conditions  and  methods  for  hydrocarbon  gas  analysis  by 
means  of  the  mass  spectrometer  have  been  presented,  it  will  be  of  interest 
to  see  the  range  of  usefulness  and  accuracy  of  the  mass  spectrometer  in 
this  regard.  The  Consolidated  Engineering  Corporation  has  published 
extensively  with  regard  to  the  success  of  its  instrument  (32,  52,  53,  54,  55). 
These  papers  report  the  extension  of  mass  spectrometer  analysis  (32)  to  gas 
mixtures  with  as  many  as  thirteen  components  and,  in  some  cases,  with 
compounds  as  high  in  molecular  weight  as  the  Cs’s.  The  accuracy  given  was 
well  within  1  mole  %  in  most  cases.  The  largest  error  mentioned  was  3.7 
mole  %  for  lumped  butylene-2 ’s  in  a  C4  paraffin-olefin  mixture  containing 
all  of  the  C4  olefins.  This,  of  course,  is  in  line  with  the  fact  that,  while  total 
butylenes  can  be  determined  accurately,  analysis  for  one  butylene  will  not 
be  as  accurate. 

Of  considerable  interest  in  regard  to  accuracy  is  the  success  (32)  with 
which  small  amounts  of  diethylbenzene  (presumably  a  mixture  of  the  three 
isomers)  can  be  measured  in  ethylbenzene.  Table  VI  shows  analyses  ol 
eight  mixtures  of  varied  diethylbenzene  concentration  as  shown  in  the 
column  labeled  “Synthetic.”  It  will  be  noted  that  the  difference  between 
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the  true  and  observed  values  is  in  general  about  10%  of  the  true  value  even 
when  that  value  is  as  small  as  0.036  mole  %. 

Other  hydrocarbon  mixtures  for  which  successful  mass  spectrometer 
analyses  were  reported  were  a  C7  mixture  containing  nine  components 
(55)  and  a  C8  mixture  of  six  components  (55).  In  view  of  the  increasing 
similarity  of  spectra  for  compounds  in  higher  mass  ranges,  analyses  of 
such  mixtures  is  an  even  greater  success  than  those  of  thirteen  component 
mixtures  of  low  molecular  weight  compounds.  In  the  case  of  the  C7  mix¬ 
ture,  the  largest  expected  error  (the  average  error  of  a  number  of  determina¬ 
tions)  is  3.0  mole  %  for  3-methylhexane;  in  the  C8  mixture,  1.7  mole  % 
for  2,2,4-trimethylpentane.  Ability  to  analyze  such  a  C8  mixture  is  of 
direct  interest  to  the  petroleum  industry,  for  it  means  that,  by  use  of  the 
mass  spectrometer  in  conjunction  with  the  new  electrical  simultaneous 
linear  equation  calculator  (33)  routine  analysis  of  alkylates  is  now  practical. 


TABLE  VI 


Analysis  for  Small  Amount  of  Diethylbenzene  in  Nearly  Pure 

Ethylbenzene 


Mixture 

Synthetic  (added 
impurity  mole  %) 

Mass  spectrometer 
mole  % 

Difference 

1 

0.036 

0.033 

-0.003 

2 

0.071 

0.066 

-0.005 

3 

0.235 

0.22 

-0.02 

4 

0.479 

0.44 

-0.04 

5 

0.789 

0.76 

-0.03 

6 

2.41 

2.2 

-0.2 

7 

4.02 

3.6 

-0.4 

8 

7.97 

8.0 

0 

t  timvrrCTP!ete  P'CtUle  f  the  accm'acy  of  analysis  can  be  gained  from 
Table  \  II  which  is  a  resume  of  a  large  number  of  analyses  of  a  nine-com¬ 
ponent  test  mixture  (50).  Since  90%  of  the  errors  were  below  1.4  m0k% 
even  in  the  norst  case,  it  can  be  seen  that  mass  spectrometric  analysis  is 
It  Win  h' aCCU  of  dete™ining  hydrocarbon  concentrations 

under  opti^Zll^by  peison:  fit  ^  7"  d°ne 

stz  fi — “ = •“ 

users.  Some  of  the  earlier  reports  (56  57)  !'*'?“  f°'  •T  Spectrometer 
they  use  only  data  supplied  by  Consolidated.  However 
-Pt.ons  (08,  59,  60)  which  in  the  main  confirm 

The  report  of  the  General  Petroleum  Corporation  (59),  based  on  3 
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months  of  routine  operation  of  the  mass  spectrometer  at  their  Torrance 
refinery,  gives  a  good  picture  of  the  all-around  behavior  of  the  instrument 
as  a  means  for  hydrocarbon  analysis.  In  this  report  several  interesting 
comments  were  made.  First,  while  isopentane,  /i-pentane,  total  pentylenes, 
and  C6  traces  (0.1  to  1%)  are  determined  regularly  by  means  of  the  mass 
spectrometer,  large  amounts  of  C6  or  heavier  compounds  require  the  use  of 
low  temperature  fractional  distillation  for  their  analysis.  Second,  carbon 
dioxide  interferes  seriously  with  analysis  and  should  be  removed  before¬ 
hand.  Third,  water  cannot  be  determined,  probably  because  of  its  adsorp¬ 
tion  on  the  walls  of  the  apparatus.  Fourth,  on  the  credit  side,  the  presence 
of  oxygen  and  nitrogen  can  be  determined  quantitatively,  and  hydrogen  and 
methane  can  be  split  accurately  where  low  temperature  fractional  distilla- 


TABLE  VII 


Errors  in  Mass  Spectrometer  Analyses 


Components 


Methane . 

Ethane . 

Propane . 

Isobutane . 

n-Butane . 

Propylene . 

Isobutylene . 

Butylene-1 . 

Butylene-2’s. 
Total  Butylenes 


Composi¬ 
tion  (mole 

%) 

No.  of 
determina¬ 
tions 

Average 
error 
(mole  %) 

90%  of 
errors  less 
than 

15} 

20 

20 

. 

215 

0.2 

0.4 

10 

8^ 

10 

43 

0.2 

0.5 

7 

43 

0.4 

0.7 

5 

86 

0.7 

1.4 

5 

17 

1 

43 

0.4 

o 

oo 

tion  can  give  only  an  approximate  split  between  methane  and  the  perma- 

^Initfal  tests  run  by  General  Petroleum  showed  excellent  agreement  be¬ 
tween  mass  spectrometer  and  fractionation  plus  acid  absorption  analyses 
of  such  actual  mixtures  as  cracking  unit  absorber  release  gas  and  cracking 
uniTstabilizer  release  gas.  In  many  instances  ealeu^omt hereby 
inspection,  especially  in  the  case  of  small  amounts  (up  to  5%)  of  undesirable 
heavy  constituents  caused  by  improper  operation  of  refinery  equipment 
The  partial  direct  method  of  analysis  has  proved  useless  in  he  case  o 
lion  d  stream  analyses  because  refinery  operators  demand  results  in  .quid 
v  1  me  per  cent.  Since  the  mass  spectrometer  yields  results  in  mole  pe 
cent,  a  complete  analysis  must  be  run  before  the  liquid  volume  per  cent 

"Timtimetquired  by  Genera.  Petroleum  for  an  analysis  in  routine  opera- 
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tion  compares  favorably  with  that  presented  in  Table  III.  The  shortest 
time  required  is  25  minutes  for  the  determination  of  isobutane  by  inspection 
in  depropanizer  overhead  while  a  complete  analysis  of  a  cracked  gas  con¬ 
taining  no  pentanes  required  95  minutes.  It  was  determined  that  if  half  of 
the  samples  are  calculated  by  inspection,  two  operators  and  one  calculator 
can  turn  out  an  average  of  fourteen  refinery  samples  in  an  eight-hour  day 
or,  1.72  man-hours  are  required  per  sample.  If  the  samples  are  to  be  cal¬ 
culated  accurately  through  the  C^s,  another  person  is  needed,  and  2.28 
man-hours  are  required  per  sample.  In  the  above  routine  operation,  a 
complete  calibration  was  run  once  every  two  weeks  and  a  monitoring  spec- 


TABLE  VIII 

Accuracy  of  Analysis  of  a  Natural  Gas  Sample 


Compound 


Methane . 

Ethane . 

Carbon  dioxide. 

Ethylene . 

Propylene . 

Propane . 

Nitrogen . 


Average  of  all 
determinations 

(%) 

Total 

range 

(%) 

Mean  of  laboratory 
averages  (%) 

77.7 

4.6 

77.5  ±  0.6 

14.9 

2.3 

14.8  ±  0.2“ 

0.94 

0.7 

1.00  ±  0.03 

0.26 

0.6 

b 

0.2 

0.3 

0.2  ±  0.03 

2.7 

1.2 

2.8  ±  0.R 

3.4 

3.3 

3.5  ±  0.5 

Approximately  10%  of  the  118  analyses  made  included  carbon  monoxide,  oxygen 

hydrogen  butylenes,  or  butanes.  Only  carbon  monoxide  and  oxygen  were  reported 

,n  quantities  greater  than  0.1%  In  four  cases  it  seems  self-evident  carbon  monoxide 
was  confused  with  nitrogen.  monoxide 

“  Two  extreme  values  discarded. 

6  Reported  by  only  half  the  laboratories. 
c  Two  low  values  discarded. 


ture  fractional  distillation  and  acid  absorb™  rT  temPera- 

““ — •« .it; 

for  mass  spectrometric  analysis  S  the  tlme 

4=  ss  zzTz::irb  r  ■  ** 

tones  on  portions  of  a  single  sample  of  natural  gas  Bo  h  W  ^ 

Consolidated  mass  spectrometers  were  .^d  VinT^T  ^ 

eurae.es  obtained.  A  comparison  with  Table  £ 
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methane,  analyses  made  in  the  field  are  of  an  accuracy  comparable  to  that 
found  in  the  makers’  own  laboratory. 

The  traces  of  gases  reported  where  these  gases  are  known  not  to  be  pre¬ 
sent  in  the  sample  should  not  be  ascribed  to  a  failure  of  the  mass  spectrom¬ 
eter.  They  are  the  result  either  of  improper  sample  transfer  or  of  im¬ 
patience  in  not  allowing  previous  samples  to  be  pumped  completely  out  of 
the  mass  spectrometer. 

In  conclusion  it  can  be  said  that  for  hydrocarbons  ranging  up  to  C8’s,  the 
mass  spectrometer  is  an  accurate  and  versatile  analytical  tool. 
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In  the  following  sections  a  brief  introduction  is  given  to  infrared,  Raman, 
and  ultraviolet  spectroscopy.  Restriction  of  the  material  exclusively  to  a 
consideration  of  hydrocarbons  has  not  been  attempted  there  since,  as  a 
class,  they  are  one  of  many  that  can  be  studied  by  these  means.  Any  discus¬ 
sion  restricted  to  them  specifically  would  detract  from  the  generality  of  the 
material. 

In  the  material  to  follow  a  uniform  convention  with  regard  to  wavelengths 
and  wave  numbers  has  not  been  used.  This  has  been  done  deliberately  since 
the  literature  contains  both  usages.  Various  individuals  and  groups  have 
lamented  the  dual  usage  and  have  attempted  standardization.  However, 
the  average  reader  has  no  choice  at  this  time  but  to  become  acquainted 
with  both  conventions.  In  the  discussion  of  infrared  spectra  the  unit  of 
wavelength  is  the  n  (1  m=  10~4  cm.).  Often  the  frequencies  are  specified  in 
wave  numbers.  The  wave  number  for  a  frequency  is  the  reciprocal  of  the 
wavelength.  Its  units  are  cm.-1  and  it  represents  the  number  of  vibrations 
per  centimeter.  In  Raman  spectroscopy  it  is  customary  to  give  the  absolute 
location  of  a  line  in  Angstrom  units  (1  A.  =  HR8  cm.)  and  the  line  displace¬ 
ments  in  wave  numbers.  In  the  discussion  of  ultraviolet  absorption  the 
wavelengths  are  given  in  terms  of  m/u  (1  m n  =  1(R3  \i  =  ICR'  cm.),  in  A. 
and  in  wave  numbers. 

With  regard  to  references,  the  aim  has  been  to  give  a  sufficient  numbei 
that  the  reader  may  profitably  supplement  the  present  material.  However, 
there  has  been  no  attempt  at  completeness  and  the  question  of  priority  of 
publication  has  been  given  a  second  place  to  that  of  convenience  to  the 

reader.  t  ,  , 

The  section  dealing  with  infrared  is  more  extensive  than  the  others  since 

here  some  discussion  of  quantum  conditions  and  modes  of  vibration,  which 
also  apply  to  the  later  sections,  has  been  included. 


I.  Infrared  Absorption 

The  infrared  region  of  the  spectrum  is  that  portion  which  lies  between 
the  approximate  wavelength  limits  of  0.8  a  and  300  a-  The  absorption  or 
emission  of  radiation  in  this  region  is  accompanied  by  changes  in  molecular 

vibrations  and/or  rotations.  , 

4.  molecule  is  not  a  rigid  structure.  The  atoms  ot  the  component  groups 

am  held  together  by  valence  forces  which  have  their  origin  ,n  the  sharing 
of  electrons  or  in  the  coulombic  attraction  between  ionic  forms  Due  to  these 
valence  forces  the  atoms  are  maintained  in  average  equilibrium  positron 
Ind  with  definite  angles  between  the  valence  bonds.  The  restraints  that 

maintain  the  atoms  in  their 

S:  -  vibrations  are  determined 
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by  the  geometry  of  the  molecules,  the  masses  of  the  atoms,  and  the  natuie 
of  the  valence  forces.  A  vibrating  molecule  will  possess  definite  energy  levels 
in  accordance  with  the  rules  of  quantum  mechanics,  and  when  a  transition 
occurs  from  one  energy  level  to  another  a  photon  of  radiation  may  be  ab¬ 
sorbed  or  emitted.  The  energy  differences  between  the  levels  are  of  such  an 
order  of  magnitude  that  the  frequency  of  the  associated  ladiation  falls  in 
the  infrared  region. 

In  addition  to  the  molecular  vibrations  a  molecule  may  be  free  to  rotate. 
The  amount  of  energy  associated  with  the  rotation  will  depend  upon  the 
moments  of  inertia  and  the  angular  frequency.  It  may  not  assume  any 
value  but  will  take  on  discrete  values  as  imposed  by  the  quantum  condi¬ 
tions.  Transitions  between  the  rotational  states  may  be  accompanied  by 
the  absorption  or  emission  of  photons  of  such  a  frequency  range  as  to  also 
fall  in  the  infrared  region  as  defined  above. 

Transitions  between  the  electronic  configurations  which  involve  the 
disposition  of  the  bonding  electrons  give  rise  to  absorption  or  emission  of 
radiation  in  the  ultraviolet  and  visible  portion  of  the  spectrum.  Thus  the 
infrared  data  for  a  molecular  species  may  be  interpreted  in  terms  of  the 
dynamics  of  the  molecule.  Conversely  the  structure  of  an  unknown  ma¬ 
terial  may  be  determined  from  a  study  of  the  infrared  data  obtained  for  it. 
The  study  of  infrared  data  for  these  purposes  has  enormously  increased  the 
knowledge  and  understanding  of  molecules  and  molecular  structure. 


1.  EXPERIMENTAL  METHODS 

The  infrared  region  may  be  broken  down  into  three  parts  which  differ 
both  in  experimental  approach  and  in  the  type  of  data  furnished.  The  near 
infrared  or  photographic  region  extends  from  about  0.8  to  1.3  n,  and  in  it  are 
found  the  overtone  and  combination  frequencies.  A  fundamental  frequency 
refers  to  a  transition  between  the  lowest  energy  level  and  the  first  excited 
one  while  an  overtone  frequency  refers  to  a  transition  from  the  lowest  level 
to  the  second  excited  state.  A  combination  frequency  is  that  which  results 
when  simultaneous  transitions  occur  for  two  different  modes  of  vibration. 
The  prism  region,  or  region  of  fundamental  vibrations,  lies  between  the 
approximate  limits  1  and  25  n-  Here  are  found  the  absorption  bands  corre¬ 
sponding  to  the  fundamental  vibrational  frequencies  for  all  but  the  most 
massive  molecules.  The  far  infrared  region,  between  30  and  300  u  is  the 
region  wherein  the  rotational  frequencies  are  found.  These  are  due  to  transi¬ 
tions  wherein  the  energy  of  the  photons  is  transformed  into  rotational 
energy  of  the  molecules. 

In  the  near  infrared  or  photographic  region  the  detection  of  the  radiation 
,P  otographic  plates  and  the  long  wavelength  limit  of  this  region  is 
that  imposed  by  the  sensitivity  of  the  plates.  Studies  here  can  be  carried 


NORMAN  D.  COGGESHALL 


11G 


out  on  spectrographs  and  gratings  used  for  the  ultraviolet  and  visible 
regions.  In  that  respect  the  technique  is  simple  and  high  dispersion  is  at¬ 
tainable.  Since  the  data  obtained  for  this  region  are  for  the  overtone  and 
combination  frequencies  it  is  necessary  to  use  greater  thicknesses  of  ab¬ 
sorption  cells  or  tubes,  i.e.,  impose  more  of  the  material  being  studied  in  the 
radiation  beam,  than  for  the  region  of  fundamental  vibrations.  This  is  be¬ 
cause  transitions  involving  overtone  or  combination  frequencies  are  gen¬ 
erally  much  less  frequent  than  those  involving  a  transition  from  the  ground 
level  to  the  first  excited  one. 

The  photographic  region  has  several  advantages  and  disadvantages.  Of 
the  latter  the  most  serious  one  is  that  it  can  yield  only  a  restricted  amount 
of  information.  In  order  for  an  observable  overtone  frequency  to  lie  in  this 
region  it  is  necessary  that  the  corresponding  fundamental  frequency  be  not 
much  less  than  about  3000  cm.-1  However,  only  molecules  containing  hy¬ 
drogen  possess  fundamentals  in  this  range.  Other  disadvantages  are  the 
long  sample  containers  necessary  and  the  fact  that  the  data  are  harder  to 
interpret  since  they  are  for  overtone  and  combination  frequencies.  On  the 
other  hand,  the  methods  are  simple  and  valuable  information,  not  otherwise 
attainable,  about  the  potential  energy  curves  for  the  molecules  can  be 


deduced  from  the  data. 

In  the  region  of  fundamental  vibrations  the  data  are  best  obtained  by 
the  use  of  prism  or  grating  spectrometers  equipped  with  some  sort  of  a 
heat-responsive  radiation  detector.  A  diagram  ot  a  prism  instrument  shov  - 
ing  the  relative  disposition  of  components  may  be  seen  in  Fig.  1.  Here  R 
represents  a  source  of  continuous  radiation  anti  the  minors  iMi  anti  AIj 
serve  to  send  a  converging  beam  through  the  sample  cell  L  to  the  entrance 
slit  Si  of  the  monochromator.  From  Si  the  light  passes  to  the  collimating 
mirror  C  from  whence  it  proceeds  to  the  prism  P.  By  the  arrangement  of 
prism  and  mirror  M3  the  light  is  returned  through  the  prism  for  a  second 
refraction.  Part  of  the  returning  light  will  intercept  the  collimating  mirror 
C  and  be  sent  to  the  mirror  M4  which  reflects  it  so  that  an  image  ot  the 
entrance  slit  will  fall  in  the  plane  of  the  exit  slit  S2.  The  diverging  beam 
leaving  the  exit  slit  is  intercepted  by  the  mirror  M5  and  focused  onto  a 
radiation  detector  T.  With  narrow  slit  settings,  the  radiation  striking  1 
will  be  nearly  monochromatic.  Its  wavelength  may  be  changed  by  rotation 

°f  LigMoUhese  wavelengths  and  longer  will  not  pass  through  glass.  Con¬ 
sequently  special  optical  materials  must  be  used  (1).  As  a  prism  material 
NaCl  is  the  most  versatile,  giving  satisfactory  spectra  out  to  about  •>  M- 
Its  dispersion  is  poor  in  the  lower  wavelength  regions  and  here  prisms  ol  Lil 
1  PnF  «u-e  verv  useful.  As  defined  above  the  prism  region  includes  the 
section  between  1  and  2.5  n  where  overtone  rather  than  fundamental  re- 
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quencies  are  actually  observed.  For  this  region  quartz  and  some  varieties 
of  optical  glass  may  be  used  while  for  the  wavelengths  in  the  fundamental 
region  beyond  15  n  the  prism  material  must  be  of  Ivl,  KBi,  oi  KC1.  Of 
course,  all  windows  on  the  instrument  and  the  sample  cell  must  be  oi  optical 
material  suitable  for  the  region  being  studied.  The  mirrors  are  of  the  first- 
surface  metallized  type. 

For  the  wavelengths  beyond  the  photographic  region  some  sort  of  heat- 


sensitive  radiation  detector  must  be  used.  This  is  because  of  the  low  energy 
per  photon  for  these  wavelengths.  Probably  the  most  commonly  used  de¬ 
tector  is  the  vacuum  thermocouple  (2)  in  which  the  radiation  raises  the 
temperature  of  a  blackened  strip  onto  which  it  falls  and  onto  which  is 
fastened  a  sensitive  thermocouple  junction.  The  rise  in  temperature  creates 
a  small  voltage  in  the  thermocouple  due  to  the  thermoelectric  effect.  The 
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P  ig.  ] .  Optical  diagram  of  an  infrared  spectrometer. 


source  of  radiation  must  necessarily  be  some  sort  of  a  small  hot  body  For 
that  either  a  Nernst  glower  or  a  small  rod  of  Carborundum,  called  a  Globar 
heater,  is  used.  Both  are  heated  by  the  passage  of  electricity. 

Figure  2  shows  an  infrared  absorption  spectrum  in  a  portion  of  this  region 
for  the  hydrocarbon  styrene  as  obtained  with  a  small  prism  instrument 
Such  resolution  as  may  be  seen  here  is  sufficient  to  bring  out  the  main  vibra¬ 
tional  bands  but  is  not  sufficient  to  resolve  the  fine  structure  which  is  due  to 
the  combination  of  vibrational  and  rotational  frequencies.  For  high  resol, i 
ion  spec  rometers  are  built  to  incorporate  both  prisms  and  gmtffil  (3  ' 
In  these  it  is  customary  to  pass  the  radiation  through  a  Drism  mnnonb 
mator  and  from  there  to  a  grating.  From  the  grating  tfe  diffmcTed  T 
passes  to  suitable  mirrors  and  is  focused  onto  a  radiation ^2 

resolul^am  pos^LfeVheTs  “f  tKmendm's  improvements  in 

is  attended  with  difficulties  due  to 
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first  order  spectrum  for  one  wavelength  coincides  with  the  second  order 
spectrum  of  a  second  wavelength,  etc. 

In  the  far  infrared  region,  30  to  300  n,  the  experimental  difficulties  are 
very  serious.  The  only  source  of  continuous  radiation  for  the  infrared  is 
the  black-body  radiator,  and  the  radiation  from  it  falls  off  very  rapidly  in 
the  far  infrared.  This  means  that  the  energy  in  any  spectral  region  is  low 
and  that  there  is  generally  considerable  scattered  energy  of  shorter  wave¬ 
lengths.  Further  difficulties  lie  in  the  lack  of  suitable  materials  for  making 
windows  for  the  absorption  cells  and  for  the  spectrometer.  Also  efficient 
radiation  receiving  devices  for  this  region  are  difficult  to  fabricate.  The 
isolation  of  wavelengths  may  be  done  by  utilizing  the  Reststrahlen  phe¬ 
nomena  (4).  However,  this  only  allows  a  study  over  definite  portions  of 


the  spectrum,  dependent  on  the  nature  of  the  crystalline  material  used  foi 
the  Reststrahlen  plates.  However,  more  flexibility  is  allowed  when  gratings 
are  used  These  may  be  either  reflecting  or  transmitting  (5),  o  which  the 
latter  type  consists  of  wires  stretched  tightly  on  a  frame.  In  this  spectial 

region  are  observed  the  purely  rotational  frequencies. 

More  details  on  experimental  methods  and  techniques  in  the  1  to  2o  M 
region  will  be  provided  in  a  later  chapter  describing  the  application  oi  mfia- 
red  spectroscopy  to  the  analysis  of  mixtures  of  hydrocarbons. 

2  ENERGY  LEVELS,  THE  SCHROEDINGER  EQUATION 

As  stated  above,  the  total  energy  of  a  molecule, 

r3SSs=^ 


OPTICAL  PROPERTIES  OF  HYDROCARBONS 


119 


equation  which  is  basic  to  quantum  mechanics  (6).  For  the  stationary 
states  of  a  molecule,  i.e.,  those  associated  with  the  various  energy  levels, 
the  Schroedinger  equation  is: 


£  - 

k  mk 


(dll 

\dxl 
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d2* 

Wk 
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■) 


+  (£  -  m  = 
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where  Tnk  and  xky  yky  zk  are  the  mass  and  coordinates  respectively  of  the  /vth 
particle,  h  is  Planck’s  constant,  E  is  the  total  energy,  and  V  is  the  potential 
energy  of  the  system  expressed  as  a  function  of  the  particle  coordinates.  Sk 
is  known  as  the  probability  amplitude  function  and  can  only  assume  certain 
forms  in  accordance  with  the  conditions  given  below.  These  allowable  forms 
are  known  as  eigenfunctions. 

To  be  a  physically  acceptable  solution  of  equation  1  an  eigenfunction  'k 
must  be  finite  for  all  allowable  values  of  the  coordinates.  It  must  also  be 
continuous,  be  single  valued,  and  vanish  at  infinity.  It  is  found  in  general 
that  equation  1  possesses  solutions  satisfying  these  conditions  only  for 
definite  values  of  E.  These  are  known  as  the  eigenvalues  of  E  and  are  the 
definite  energy  values  the  system  may  possess.  The  physical  interpretation 
of  the  probability  amplitude  equation  is  as  follows:  the  quantity  'k  (xi,  yi, 
Zi,  .  •  .)  ■'k*  (xh  2/1,  Zi,  .  .  .)dr  (where  ty*  is  the  complex  conjugate  of  >k  and 
dr  =  dx i,  dyh  dzi .  .  .)  gives  the  probability  of  finding  the  physical  system 
with  coordinates  xh  yh  zh  .  .  .  and  in  the  volume  element  dr.  Therefore, 
'k'k*  is  the  probability  distribution  function  for  the  system.  These  eigen¬ 
functions  are  customarily  denoted  as  'ki,  ^2,  ^3 ...  in  1  to  1  correspondence 
with  the  energy  levels  of  the  system. 

As  stated  above,  it  would  be  necessary  in  setting  up  equation  1  in  its 
most  general  form  for  a  molecule  to  consider  all  particles,  i.e.,  electrons  and 
atomic  nuclei.  However,  it  has  been  shown  (7)  that  the  nuclear  and  elec¬ 
tronic  motions  may  be  considered  separately.  Hence,  in  the  application  of 
equation  1  to  the  v ibrational  and  rotational  states  it  is  only  necessary  to 
consider  the  nuclear  coordinates.  Actually,  the  application  of  equation  1  to 
definite  molecules  is  a  very  complex  procedure  and  satisfactory  solutions 

can  only  be  obtained  for  the  simpler  molecules.  Further  discussion  of  this 
will  be  given  later. 


A  more  detailed  consideration  of  quantum  mechanics  than  is  possible 
here  leads  to  methods  of  calculating  the  transition  probabilities  from  the 
eigenfunctions  (6).  The  probability  coefficient  for  the  spontaneous  transi¬ 
tion  from  a  state  characterized  by  to  one  characterized  by  will  be 
proportional  to  the  quantity : 


{  ( Rxnm)2  +  (Rv™¥  -f  (R™y  ] 
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where  the  terms  Rxnm,  Rvnm , 


and  Rznm  are  given  by 


Rxnm  =  j  yn(ZeiXi)*m*  dr  ] 
Rynm  =  /  W  dr  ► 

R»nm  =  J  dr 


(2) 


and  are  known  as  the  matrix  elements  of  the  electric  moments  for  the  transi¬ 
tions.  Here  e*  represents  the  unbalanced  charge  on  the  ith  atom.  It  may  be 
predicted  from  equation’s  2  that  in  certain  cases  there  will  be  no  transitions 
and  no  corresponding  absorption  spectra.  If  le#,-,  lelyi,  and  Ze<2f  are  all 
zero  for  a  particular  vibration  there  will  be  no  corresponding  infrared 
activity.  An  example  ol  such  a  vibration  is  for  a  symmetrical  diatomic 
molecule  such  as  N2,  02,  or  H2.  Other  cases  wherein  these  terms  are  zero  due 
to  symmetry  will  be  discussed  later.  In  general,  a  rule  of  classical  electro¬ 
dynamics  may  be  used  to  determine  whether  or  not  a  vibration  is  infrared 
active.  This  rule  is  that  any  motion  of  an  atomic  configuration  that  gives 
rise  to  a  change  of  its  dipole  moment  will  be  capable  of  the  absorption  or 
emission  of  radiation. 


3.  VIBRATIONAL  LEVELS  OF  A  DIATOMIC  MOLECULE 

Although  no  diatomic  hydrocarbon  molecules  exist  a  consideration  of 
this  simplest  type  of  molecule  serves  as  an  excellent  introduction  to  molec¬ 
ular  energy  levels.  We  know  that  the  two  atoms  in  such  a  molecule  will 
oscillate  about  an  equilibrium  separation  distance.  It  is  a  reasonable  as¬ 
sumption,  therefore,  that  the  restoring  force  on  each  atom  will,  at  any 
instant,  be  proportional  to  the  difference  between  their  instantaneous 
separation  and  the  equilibrium  separation.  This  leads  to  the  two  equations: 


rlr 

mi  ^  =  —k  (n  +  r2  -  re) 

C 1 1 

2 

=  —k  (ri  +  r2  -  re) 
dr 


(3) 


where  the  subscripts  refer  to  the  two  atoms,  re  is  the  equilibrium  distance, 
and  ri  and  r2  are  the  distances  of  the  two  atoms  from  the  center  of  mass  of 
the  system.  To  reduce  equations  3  to  a  single  equation  we  use  a  new  variable 
x  —  n  _j_  r2  _  Tej  which  is  the  difference  between  the  interatomic  distance 
and  the  equilibrium  separation.  We  also  use  the  relations  resulting  from 
measuring  n  and  r2  from  the  center  of  gravity,  which  are 

fl  =  (m2)/(m,  +  w*),  r2  =  ( rmx)/{mi  +  m2),  and  r  =  n  +  r2  (4) 
With  the  combination  of  equations  3  and  4  we  obtain : 
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(5) 

M  dl2 

where  m  =  (mim2)/(wii  +  ^2)  and  is  called  the  reduced  mass  of  the  system. 
Equation  5  may  be  recognized  as  the  equation  of  motion  for  a  simple  har¬ 
monic  oscillator  which  would,  in  the  classical  theory,  possess  a  vibration 
frequency  v0  given  by 

vo  =  (1/27t)  (x/k/n)  (6) 


The  simplification  of  above  wherein  the  vibrational  motion  of  a  diatomic 
molecule  was  shown  to  be  equivalent  to  the  motion  of  a  simple  harmonic 
oscillator  allows  the  Schroedinger  equation  for  the  same  system  to  be  ex¬ 
pressed  in  terms  of  one  variable.  This  is 


1  d 2* 

M  d: r2  + 


T  =  0 


(7) 


When  solved,  this  equation  is  found  to  possess  a  series  of  allowable  solutions, 
or  eigenfunctions,  which  are  finite  for  all  values  of  x,  are  single  valued,  are 
continuous,  and  which  vanish  at  infinity  (6).  These  are  given  by 

ti!)  (8) 


where  v  =  y/ ax,  a  =  (2 x  \/ iik)/h ,  and 
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the  latter  functions  being  known  as  the  Hermite  polynomials. 

It  is  found  that  for  each  eigenfunction  there  is  a  definite  value  of  the 
energy  E.  The  series  of  energy  values  is  given  by 

En  =  (n  +  |)M1/27t)(\/a7m),  n  =  0,1,2  •  •  •  (9) 

In  applying  equation  2  to  calculate  the  transition  probabilities  for  the 
harmonic  oscillator  we  have,  except  for  a  constant  factor,  the  integral 

l  Evaluation  of  it,  using  the  above  functions  for  shows  it  to 

he  zero  for  all  cases  wherein  n  ?n,  except  for 


An  —  ±  1 


(10) 


This  then  means  that  the  permitted  transitions  for  a  diatomic  molecule 
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are  only  those  between  adjacent  energy  levels.  To  calculate  the  frequency 
v  of  the  absorbed  radiation  for  such  a  transition  we  use  the  equation 

A  E  =  hv 


Fig.  3.  Potential  energy  curve,  energy  levels,  and  allowable  transitions  for  a  simple 
harmonic  oscillator. 

which  gives  the  relation  between  the  absorbed  energy  and  the  frequency  of 
the  radiation.  This  gives 


=  (£„+I  -  B.)  =  (1/2  tt)  (Vk/n) 

h 


v  = 


(ID 


which  we  recognize  as  the  same  as  v0  in  equation  6.  Thus,  the  frequency  o 
the  light  absorbed  by  a  harmonic  oscillator  in  quantum  mechanics  is  le 
same  as  the  fundamental  resonance  frequency  in  classical  mechanics,  n 
fact,  qualitatively  correct  conclusions  concerning  the  absorption  frequencies 
may  in  general  be  deduced  from  an  intuitive  consideration  of  the  classical 

mechanics  of  a  molecule. 

In  Fig.  3  may  be  seen  a  diagram  showing  the  potential  energy  cui  v 
energy  levels,  and  allowable  transitions  for  a  harmonic  oscillator.  In  this 
figure  the  parabolic  curve  is  a  plot  of  the  potential  energy  as  a  unc  10 
the  internuclear  separation.  The  solid  lines  inside  the  curve  represent 
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energy  levels  and  the  corresponding  values  ot  the  vibrational  Quantum 
number  n  may  be  seen  to  the  right.  1  he  allowable  transitions,  eithei  by 
emission  or  absorption  are  represented  by  the  lines  with  arrows  between 
the  adjacent  levels. 

In  a  diatomic  molecule  the  use  of  a  parabolic  potential  energy  function 
is  accurate  only  for  internuclear  distances  close  to  the  equilibrium  separa¬ 
tion.  That  it  cannot  be  accurate  for  large  distances  can  be  seen  from  a  con¬ 
sideration  of  the  finite  energy  needed  for  dissociation.  A  true  potential 
energy  curve  must  therefore  be  one  that  rises  rapidly  for  internuclear  dis¬ 
tances  smaller  than  the  equilibrium  separation  and  which  approaches  an 


I'ig.  4.  Potential  energy  curve  and  energy  levels  for  a  diatomic  molecule. 


asymptote  lor  large  separations.  Such  a  curve  may  be  seen  in  Fig.  4.  Here 
the  separation  D  between  the  asymptote  and  the  minimum  of  the  curve  is 
the  dissociation  energy  of  the  molecule.  Such  a  potential  energy  curve  has 
been  found  to  be  represented  by  the  Morse  function  (8)  which  is  amenable 
to  mathematical  treatment.  This  function  is 


V(r)  =  D{\  —  e 


(12) 


!’,“  ,the ,Va'Ue  of  above  and  d  may  be  calculated  from  a  knowledge 
D  and  the  fundamental  absorption  frequency 

thcTreesu.tsZlCd  f  °frrual  potential  ^  curve  renders  two  of 
‘  T ,  ,  l0'' the  harmonic  oscillator  inexact  for  diatomic  mole- 

by  equaUon  U  doet01"^  °h  f  ,hefharmonic  °sd»*tor  energy  levels  as  shown 
•  equation  1 1  does  not  hold  for  molecules  Rather  •  i 

successive  levels  progressively  decreases  us  i  ’  £  g  between 

*  ueci eases  as  may  be  seen  in  Fig.  4.  Also,  the 
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selection  rule  of  equation  10  which  says  transitions  can  only  occur  between 
adjacent  levels  does  not  hold.  Excitation  by  absorption  whereby  a  transi¬ 
tion  from  the  ground  state  to  the  second  or  third  energy  levels  occurs  is 
possible.  The  corresponding  absorption  frequencies  are  called  the  first  and 
second  overtones  respectively.  Although  they  may  be  observed,  the  in¬ 
tensity  of  the  first  overtone  absorption  is  much  less  than  for  the  funda¬ 
mental  and  there  is  a  corresponding  drop  in  intensity  in  passing  from  the 
first  to  the  second  overtone.  Higher  overtones  are  very  difficult  to  detect 
because  of  their  low  intensity. 

The  progressive  decrease  of  energy  level  spacing  for  the  anharmonic 
oscillator  accounts  for  the  observed  fact  that  the  first  overtone  frequency 
is  less  than  twice  the  fundamental  frequency.  In  Fig.  4  the  region  above  the 
dissociation  energy  is  marked  continuum  as  the  two  atoms  are  independent 
of  each  other  and  their  total  energy  may  assume  any  value  in  this  range. 


4.  ABSORPTION  FREQUENCIES  FOR  DIATOMIC  GROUPS 

In  a  polyatomic  molecule  we  no  longer  have  the  simple  condition  wherein 
a  vibrational  frequency  depends  only  on  one  force  constant  and  one  reduced 
mass.  Rather,  the  molecule  will  possess  a  number  of  modes  of  vibration  and 
in  calculating  them  the  molecule  must  be  considered  as  a  whole.  To  a  first 
approximation,  however,  the  force  constant  for  a  specific  diatomic  group 
will  be  independent  of  the  remainder  of  the  molecule.  This,  together  with 
the  fact  that  the  vibrations  of  a  specific  diatomic  group  may  m  many  cases 
be  considered,  to  a  first  approximation,  as  independent  of  the  remainder 
of  the  molecule,  leads  to  the  expectation  that  similar  groups  would  exhibit 
approximately  equal  characteristic  vibrational  frequencies  in  different 
compounds.  This  has  been  experimentally  confirmed  by  observations  on 
many  compounds.  All  compounds  containing  C-H  groups,  for  example, 
show  an  absorption  band  around  2910  cm.-  (3.4  m),  which  is  known  to  be 
due  to  a  stretching  vibration  along  the  valence  bond  joining  the  carbon  a 
hydrogen  atoms.  They  also  exhibit  another  absorption  band  around 
cm  -1  (0  9  m),  which  is  due  to  a  bending  vibration  of  the  valence  bond. 

Sim  lar  studies  have  been  made  of  other  diatomic  groups  and  it  is  found 
tha^as  a  general  rule  the  same  type  of  group  will  absorb  at  approximately 
the^same  frequency  in  different  molecules  (9).  In  Table  I  are  tabulated  a 
numbeTof  such  groups  and  the  approximate 

These  indicate  larger  force  constants  w hich,  w  lien  usu. 
in  higher  frequencies. 
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In  an  interesting  study  of  a  series  of  hydrocarbons  Fox  and  Martin  (10) 
found  that  the  C— H  stretching  frequency  depends  upon  the  manner  in 
which  the  remaining  valences  in  the  carbon  are  fulfilled.  They  considered 

I  \  \ 

the  groups:  =CH2,  =CH,  — CH,  CH2,  and  — CH3.  It  was  found  that: 

/  / 

(a)  In  ethylene  and  higher  olefins  the  =CH2  groups  give  rise  to  two  fre¬ 
quencies  with  mean  values  3079  and  2978  cmr1 

I 

(b)  In  olefins  the  =CH  groups  usually  give  a  frequency  at  approximately 
3019  cm.-1 


TABLE  I 


Fundamental  Stretching  Vibration  Frequencies  for  Various  Diatomic  Groups 


Group 

Frequency 

(cmr1) 

Wavelength  GO 

Group 

Frequency 

(cm.-1) 

Wavelength  GO 

0— H 

3680 

2.7 

C— 0 

1030 

9.7 

N— H 

3350 

3.0 

c=o 

1740 

5.7 

C— H 

2920 

3.4 

C— N 

1050 

9.5 

C— C 

990 

10.1 

C==N 

1650 

6.0 

C=C 

1620 

6.2 

C=N 

2090 

4.8 

C^C 

1970 

5.1 

S— H 

2600 

3.8 

(c)  Normally  the  ^CH,  groups  give  rise  to  two  frequencies  with  mean 
values  of  2926  and  2853  cm.-1 

(d)  In  saturated  compounds  a  -CH  group  gives  rise  to  a  frequency  of 
about  2890  cmr1 

(e)  In  general  -CH,  groups  show  two  main  frequencies,  one  at  about 
2962  and  one  at  about  2872  cm.-1 

tiomU«'t|°n  ^  these  general  conclusions  the  groups  at  times  show  addi- 
onal  bands  and  in  some  cases  the  frequencies  above  split  into  doublets 
The  phys,cal  bas.s  of  the  multiplicity  of  frequencies  will  be  dis  ussed  later 

pSe  I"8"  6 866,1  th6 C“H fine StrUCt’“'1' ^r 2,4,  “thyb 
as  "tabulated' for  ^  C-.H  ^uencies  and 
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an  isotope  effect  as  the  substitution  of  an  isotopic  species  will  change  the 
reduced  mass.  The  change  of  frequency  accompanying  the  substitution  of 
an  isotopic  species  will  be  given  by  the  formula 

Ar"'*(1-l/£)  (13) 

which  may  readily  be  derived  from  equation  11.  The  substitution  of  deu¬ 
terium  for  hydrogen  in  a  diatomic  group  containing  the  latter  shifts  the 


Fig.  5.  Structure  of  the  C-H  valence  bond  vibration  absorption  band  for  2,4,4 
t  rimet,hylpentene-l . 


absorption  frequency  to  approximately  one  half  of  its  ongmal  value.  With 
the  present  low  cost  of  deuterium  this  isotope  effect  can  be  readily  utilized 
in  the  determination  of  force  constants,  the  determination  of  molecular 

structure,  and  in  studies  utilizing  isotopic  tracers.  . 

In  some  cases  the  absorption  frequencies  of  a  diatomic  group  may 
altered  due  to  external  effects.  One  of  the  most  familar  examples  of  this  is 
the  lowering  of  the  stretching  frequency  of  an  0-H  group  when  hydrogen 
bonding  occurs.  The  large  difference  of  electronegativity  between  oxyg 
and  hydrogen  is  responsible  for  a  strong  displacement  of  charge  and  a 
resultant  large  dipole  moment  in  the  hydroxyl 

droxylated  molecules  tend  to  combine  into  complexes  held  together  by 
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electrostatic  and  dipole  effects  of  the  O— H  groups  (11).  When  such  a  hy- 
droxylated  compound  is  examined  in  a  solution  dilute  enough  that  these 
complexes  are  not  present  the  normal  O  H  frequency  is  obseived.  How¬ 
ever,  as  the  strength  of  the  solution  is  increased  this  normal  or  “free”  O — H 
frequency  disappears  and  a  new  one  of  lower  value  appears.  In  phenol,  for 
example,  the  O — H  fundamental  frequency  which  appears  in  dilute  solu¬ 
tions  at  approximately  3600  cm.-1  (2.77  n)  shifts  to  approximately  3400 
cm.-1  (2.95  p)  in  concentrated  solutions  (12).  The  interpretation  is  that 
the  effective  force  constant  for  the  O — H  group  is  reduced  when  a  hydrogen 
bond  forms  due  to  the  close  proximity  of  the  dipolar  hydroxyl  groups.  This 
effect  also  occurs  for  intramolecular  hydrogen  bonding  and  is  found  for 
other  structural  groups. 


O.  ROTATIONAL  ENERGY  LEVELS 

The  simplest  model  that  may  be  considered  for  its  rotational  energy 
levels  is  the  rigid  rotator.  Although  no  molecule  is  directly  analogous  to  this 
simple  model  a  consideration  of  it  is  illuminating  in  pointing  out  some  of 
the  general  aspects  of  rotational  spectra.  We  may  take  for  our  rotator  a 
dumbbell  model,  i.e.,  two  atoms  of  masses  m\  and  m 2  rigidly  held  a  fixed 
distance,  r,  apart.  The  moment  of  inertia  for  this  system  will  be 

I  =  mirx2  +  W2r22 

where  rx  and  r2  are  the  distances  of  the  respective  atoms  from  the  center 
of  mass  ot  the  system.  Using  the  relationships  given  in  equations  4  and 
the  previous  definition  of  p,  the  equivalent  mass,  we  find  that  the  moment 
of  inertia  may  be  expressed  as 


M' 


From  equation  14  we  see  that  the  rotation  of  the  dumbbell  rotator  is 
equivalent  to  the  motion  of  a  single  mass  p  constrained  to  move  at  a  fixed 

distance  r  from  a  center  of  rotation.  For  such  a  system  we  may  write  the 
bchroedinger  equation  as 


1 


d2* 


+ 


1 


_ _  d  /  .  <blA 

r-  sin2  d  dy2  _r  r2  sin  6  dd  \  n  dd  )  h? 


8t~  a* 


Ety  =  0 


(15) 


wherein  the  Cartesian  coordinates  of  equation  1  have  been  transformed 
to  polar  coordinates.  Equation  15  may  be  solved  by  the  method  of 
separation  of  variables  to  give  the  eigenfunctions  (6) 

=  ffi\mPjm|(cosfl)e<m*,  (1G) 

Here  Kim  is  a  constant  depending  upon  the  quantum  numbers  j  and  m.  The 
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quantum  number  j  which  specifies  the  rotational  state  may  take  any  one 
of  the  values  0,1 ,2  •  •  •  etc.  and  for  any  value  of  j,  m  can  take  the  values 


m  =  j,  j  —  1 ,  j  —  2  •  •  •  ,  —  j 


The  values  of  E  that  allow  the  acceptable  eigenfunctions  of  equation  16 
are  given  by 


)fj(J  +  i)  _  t?  j(j  +  i) 


(17) 


87r2  /xr2  87r2 1 


It  is  to  be  noted  that  in  equation  17  that  only  the  quantum  number  j 
is  effective  in  specifying  the  energy.  The  fact  that  there  can  exist  a  multi¬ 
plicity  of  states,  as  evidenced  by  the  2 j  +  1  possible  choices  of  m  for  a 
given  value  of  j,  is  known  as  degeneracy . 

When  transition  probabilities  are  calculated,  using  equation  2  it  is  found 
that  transitions  occur  only  for  A j  =  d=l,  i.e.,  between  adjacent  levels.  The 
energy  difference  between  thejth  and  (j  +  l)th  levels  would  then  be 


(18) 


This  leads  to  a  series  of  rotational  lines  of  wave  numbers  given  by 


(19) 


From  equation  (19)  the  spacing  between  lines,  Av,  may  be  calculated 


Thus  the  pure 


equally  spaced 
behaves  exact! 


OPTICAL  PROPERTIES  OF  HYDROCARBONS 


129 


mechanical  study  of  this  case  yields  the  results  that  the  energy  levels  are 
given  by  (14) 

Ej  =  (1  -  aj(j  +  1  ))j(j  +  1) 

where  a  is  a  constant  very  small  compared  to  unity.  In  comparison  with  the 
rigid  rotator  energy  levels  the  effect  is  to  depress  each  one  an  amount  de¬ 
pending  on  j.  This  leads  to  the  slight  decrease  of  A  v  with  increase  of  j  which 
may  be  observed  in  Table  II. 

It  is  interesting  to  note  that  the  observable  frequencies,  given  by  equa¬ 
tion  19,  vary  inversely  with  the  moment  of  inertia  of  the  system.  Thus  an 
increase  in  moment  of  inertia  shifts  the  frequencies  to  the  red.  Actually 

TABLE  II 

Rotational  Lines  and  Line  Spacings  for  HC1  in  the  Far  Infrared  (13) 


cm.-1 

Av  cm.  1 

124.30 

145.03 

20.73 

165.51 

20.48 

185.86 

20.35 

206.38 

20.52 

226.50 

20.12 

the  moments  of  inertia  of  most  polar  molecules  are  so  large  that  the  pure 
rotational  spectra  lie  outside  the  regions  studied  to  date. 


G.  NORMAL  "VIBRATIONS  OF  POLYATOMIC  MOLECULES 

In  the  abov  e  discussion  we  have  restricted  ourselves  to  the  simple  cases 
of  diatomic  molecules  or  groups.  The  extension  of  these  considerations  to 
polyatomic  molecules  is  attended  by  considerable  mathematical  complexity, 
is  neither  within  the  intention  nor  scope  of  this  chapter  to  present  more 

“  a  ?™ela  'dea. ot  the  treat>nent  of  polyatomic  molecules  and  some  of 
e  qualitative  results.  In  two  review  articles  (15, 16)  Dennison  has  covered 
in  some  detail  the  theoretical  approach  to  the  energy  levels  of  polyatomic. 

rr ther^rr in  further  dotaii  h?‘ytx 

consult  tnem  and  the  references  cited  therein  AptnaiKr  ™  i 
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The  Schroedinger  equation  for  a  complicated  system  such  as  a  polyatomic 
molecule  may  be  readily  set  up  if  the  Hamiltonian  is  available  (6).  The 
Hamiltonian  for  a  system  is  the  sum  of  the  kinetic  energy  T  and  the  po¬ 
tential  energy  V  expressed  as  functions  of  the  coordinates  of  the  component 
particles.  In  general,  these  may  be  expressed  as 


T  =  auQ\ '  +  CI22Q22  +  •  •  •  +  0-nnQn2  +  2ai2<7l<j'2  +  •  •  ') 

V  =  +  &22<?2"  +  *  *  *  +  bnnqn 2  +  26129192  +  •  •  •) 


where  the  a./s  and  bn’ s  are  constants  and  qh  qz  •  •  •  ,  qn  are  the  coordinates 
specifying  the  displacement  of  the  particles  from  their  equilibrium  positions. 
In  this  form  the  equations  are  very  difficult  to  solve  due  to  the  presence  of 
the  cross-terms,  i.e.,  terms  involving  the  product  of  two  coordinates  or 
their  velocities.  Such  a  restriction  may  be  removed  by  a  transformation  to 
new  coordinates  such  that  the  cross-terms  disappear  in  the  expressions  for 
T  and  V.  These  coordinates  we  shall  specify  as  xh  x2  •  •  •  xn  and  they  are 
known  as  normal  coordinates.  They  are  related  to  the  original  coordinates 

through  equations  such  as 

qi  =  £  (21) 

1- 1 


where  the  ct/s  are  constants  and  may  be  determined  algebraically  (17). 
With  these  coordinates  T  and  V  are  expressed  in  the  simple  forms 

T  =  K^i2  +  ^22  +  * '  •  +  ^n2)  l  (22) 

V  =  Kto2  +  W  +  *  *  *  +  I 

where  the  X;’s  are  constants  depending  on  the  an' s  and  bn’s. 


It  is  clear  on  examining  the  new  expressions  for  T  and  V  that  they  are 
the  same  as  obtained  for  a  set  of  n  independent  oscillators.  This  allows  the 
quantum  mechanical  investigation  of  the  system  to  be  reduced  to  a  considei- 
ation  of  n  individual  oscillators  whose  energy  levels  depend  upon  the  X,  s. 
Thfe'mav  be  done  by  the  means  described  in  Section  1  The  energy  value 
for  he  molecuie  for  any  particular  state  is  the  sum  of  the  energy  values  of 
the oscillators  and  the  eigenfunction  is  a  product  of  the  md.v.dual  oscl- 
lator  eigenfunctions.  Thus,  we  have 

(23) 


yVl'Vi' 

EVvV2 


=  ^Vl(^l)^V2(^2) 


=  EVx  +  F/2  + 


V"  (Xn) 

EVn 


since  linear  relationships  as  given  in 

for  the  evaluation  of  the  tran- 
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sition  probabilities.  When  this  is  done  it  is  found  that  only  those  transitions 
are  allowed  in  which  the  quantum  numbers  for  all  the  oscillators  are  un¬ 
changed  but  one.  Furthermore,  the  changes  in  quantum  numbers  for  the 
one  oscillator  are  restricted  to  ±  1.  This  means  then  that  only  fundamental 
frequencies  are  allowed. 

From  equation  23  are  obtained  the  various  allowable  energy  levels  for 
the  molecule.  However,  the  above  treatment  is  valid  only  for  small  dis¬ 
placements  of  the  atoms  from  their  equilibrium  positions.  Thus,  we  expect 
the  above  results  to  apply  primarily  to  the  lower  levels  and  that  some 
modifications  would  apply  to  the  higher  ones  wherein  increasing  anhar- 
monicity  of  the  potential  energy  function  would  be  felt.  One  of  these  is 
that  overtone  and  combination  frequencies  are  allowable.  By  combination 
frequencies  is  meant  the  frequencies  arising  when  a  transition  occurs  where¬ 
in  the  quantum  numbers  change  for  two  or  more  of  the  normal  coordinate 
oscillators.  Further  modifications  are  necessary  since  the  energies  of  these 
oscillators  are  not  correctly  given  by  expressions  such  as  equation  9  but 
need  additional  correction  terms. 

It  must  be  remembered  that  the  normal  coordinate  oscillators  are  not 
physically  real  in  the  sense  of  the  molecule  actually  containing  n  individual 
and  independent  oscillators.  They  afford  a  mathematical  simplification 
whereby  the  energy  levels  of  the  actual  molecule  are  obtained.  If  there  are 
S  atoms  in  the  molecule  the  necessary  number  of  normal  coordinates  and 

hence  the  number  of  fundamental  frequencies  will  be  given  by  n  =  SS _ 6 

except  in  the  case  of  a  linear  molecule  for  which  it  will  be  n  =  3S _ 5.  This 

is  a  result  of  the  fact  that  for  an  assembly  of  S  particles  it  requires  3 S  co¬ 
ordinates  to  completely  specify  its  configuration  and  position  in  space.  For 
a  linear  and  nonlinear  assembly  respectively  5  and  6  of  these  coordinates 
will  suffice  to  locate  the  centers  of  gravity  and  the  angular  orientations.  In 
some  cases  there  will  be  degeneracy  in  the  sense  of  two  or  more  of  the  in¬ 
dividual  oscillators  possessing  the  same  energy  levels.  Also  all  the  funda¬ 
mental  frequencies  may  not  be  infrared  active  as  they  may  not  involve  a 
change  of  dipole  moment  of  the  molecule.  Thus,  in  general,  there  will  be 
less  than  n  fundamental  frequencies  observed. 


i  ora  the  above  material  some  readers  may  be  misled  in  regarding  the 
calculation  of  energy  levels  of  a  polyatomic  molecule  as  a  fairly  simple 
piocess.  Although  the  general  theory  as  given  above  may  be  set  down  in 
simple  equatrans  the  actual  computation  for  a  particular  molecule  is  gen- 
eially  long  and  complex.  This  results  from  the  large  number  of  onnJJT 

ZetlTantf  °f  Ch°°Sing  “  appr0Priate  ■*  of  variables  and 


v1brItlt::fV‘Ua!ltatiVCi-:leSCnPtl0n  °f  the  physical  nature  of  th, 

lations  of  a  molecule  Dennison’s  method  of  extreme  force  fiek 


normal 
(15)  is 
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very  valuable.  In  this  some  of  the  valence  bond  forces  are  assumed  to  be 
extremely  weak  compared  to  others,  and  thus  the  molecule  is  divided  into 
a  number  of  simpler  units  for  which  the  normal  modes  are  known.  It  is 
then  possible  to  proceed  to  the  case  of  the  intermediate  or  normal  force 
fields  and  consider  this  as  a  perturbation  of  the  extreme  field  case.  This 
allows  the  deduction  of  some  of  the  physical  characteristics  of  the  normal 
modes  of  the  intermediate  case.  This  procedure  docs  not  replace  the  theoret¬ 
ical  normal  coordinate  treatment  which  is  capable  of  numerical  answers 
but  provides  some  of  the  properties  that  are  dependent  on  the  geometry 
of  the  molecule.  It  is  an  interesting  result  that  many  of  the  properties 
depend  primarily  on  the  geometric  symmetry  of  the  molecule  and  are 


4 


Axis  of  Symmetry 


Extreme  X2 Case  Intermediate  Extreme  YX  Case 
Fig.  6.  The  modes  of  vibration  for  a  YXS  type  of  molecule. 


independent  of  the  force  fields  assumed.  We  shall  consider  a  few  simple 

cases  here  by  this^^  The  type  of  molecule  we  wish  to  consider  here  us 

the  kinked  type  such  as  H2G,  S02,  H2S,  etc.,  wherein  the  three  atoms  he  at 
the  comers  of  an  isosceles  triangle.  Following  Sutherland  (  )  \u>  ma> 
sider  this  molecule  in  either  of  two  ways.  It  may  be  considered  to  be  con¬ 
structed  of  a  tightly  bound  X2  diatomic  mole' =ule  to the 

^mayt  folt  JafoneVItom  tVwliich  two  « 

mediate  case.  ,  pvtreme  X2  case  there  are 

With  reference  to  Fig.  6  we  see  that  for  the  extreme  -v2 
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three  possible  modes  of  vibration:  iq  wherein  the  X2  group  moves  as  a  rigid 
bar  towards  and  away  from  the  Y  atom,  r2  wherein  the  X2  group  itself 
vibrates  longitudinally  with  the  Y  atom  essentially  at  rest,  and  wherein 
the  X2  group  tilts  back  and  forth  relative  to  the  Y  atom.  As  we  allow  the 
forces  between  the  Y  atom  and  the  X  atoms  to  increase  these  extreme 
modes  of  motion  will  pass  to  the  actual  intermediate  case.  Thus  v\  goes 
over  to  a  breathing  type  frequency  as  seen  wherein  the  Y  atom  vibrates 
along  the  line  of  symmetry.  In  the  case  of  r2  the  passage  to  the  intermediate 
situation  produces  another  vibration  such  that  the  Y  atom  again  vibrates 
along  the  line  of  symmetry.  In  both  these  cases  the  change  of  dipole  moment 
will  be  along  the  axis  of  symmetry.  For  vz  the  passage  to  the  intermediate 
case  will  produce  a  motion  such  that  the  Y  atom  vibrates  perpendicular 
to  the  symmetry  axis  with  an  attendant  change  of  dipole  moment  in  the 
same  direction. 


y 


?  i 


Fig.  7.  Modes  of  vibration  for  a  linear  YX2  molecule. 

The  other  YX  extreme  cases  may  also  be  seen  in  Fig.  6  and  similar  con¬ 
siderations  for  them  lead  to  the  same  types  of  vibrations  for  the  inter¬ 
mediate  forces.  It  is  important  to  note  that  the  character  of  the  vibrations 
are  therefore  independent  of  the  initial  assumption  concerning  the  force 
fields  but  depend  rather  on  the  symmetry.  Note  also  that  for  this  case  n  =  3 
which  agrees  with  the  formula  n  =  SS—Q  given  above. 

For  the  case  of  the  linear  YXS  such  as  CO.  molecule  the  situation  is 
simple  enough  that  extreme  force  considerations  are  unnecessary.  A  little 
thought  will  show  that  the  three  types  of  vibration  seen  in  Fig  7  are  the 
only  ones  possible.  Here  n  will  not  be  infrared  active  as  it  gives  no  change 

“  d‘P0le  moment;  Th*  0^  ‘wo  are,  however,  active,  betng  a  “parallel” 
requency,  i.e  giving  a  dipole  moment  change  parallel  to  the  symmetry 
axis  and  *  being  a  “perpendicular”  frequency,  i.e.,  giving  a  dipole  moment 
c  ange  perpendicular  to  the  symmetry  axis.  The  frequency  is  ,-eallv 

.nTeTneTtCheafim0de  be  "*ol™d  into  -notions  one 

P  of  the  figure  and  one  perpendicular  to  it.  Thus  counting  two 


134 


NORMAN  D.  COGGESHALL 


for  we  see  that  the  number  of  normal  vibrational  modes  is  four  which 
agrees  with  M  =  3<S — 5  which  applies  for  linear  molecules. 

b.  The  YXi  Molecule.  We  shall  here  consider  the  type  of  YX3  molecule 
wherein  the  three  X  atoms  are  at  three  corners  of  an  equilateral  triangle 
and  with  the  Y  atom  displaced  from  the  center  of  the  triangle  and  in  a 
direction  perpendicular  to  the  plane  defined  by  the  X  atoms.  An  example 
of  such  a  molecule  is  NII3.  As  an  extreme  force  approach  we  may  assume 
the  X3  group  to  be  tightly  bound  and  loosely  coupled  with  the  Y  atom. 
This  allows  us  then  to  utilize  the  results  obtained  above  for  the  YX2  mole¬ 
cule.  In  the  present  case  v2  and  v3  are  no  longer  distinct  due  to  the  equiva¬ 
lence  of  the  three  X  atoms.  However,  vi  retains  its  uniqueness  and  is  now 
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Fig.  8.  Modes  of  vibration  for  a  YX3  type  of  molecule. 


a  completely  symmetrical  frequency.  In  applying  the  extreme  force  Held 
method  we  may  then  consider  the  X3  group  to  be  executing  a  r,  type  ot 
motion  independent  of  the  Y  atom.  As  we  allow  the  interaction  forces  a  ong 
the  YX  bonds  to  increase  the  motion  of  the  X3  group  will  ini  uce  a  mo  10 
of  the  Y  atom.  For  t  he  actual  intermediate  case  we  then  have  a  motion  such 
as  is  indicated  by  *  in  Fig.  8.  It  is  clear  that  this  mode  of  motion  will  result 
in  a  parallel  type  of  frequency  with  the  dipole  varying  along  t  ic  svmmi  r 

axis  As  this  motion  is  not  isotropic  it  will  not  be  degenera  e. 

We  may  n"xt  consider  the  X,  group  to  be  executing  a  motion  of  he  . 
type  (now  degenerate)  and  consider  the  moUon  mducec  m  ^Yatorn 
the  interaction  forces  are  increased,  '  ns  gives^he  mo t  o  g 

in  Fig.  8.  For  this  case  the  motion  o f  the  Y  ^  diPmensions. 

rS  Sx.  case  is  doubly  degenerate  and  thus 
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the  degeneracy  is  carried  over  from  the  X3  portion  of  the  model.  This  fre¬ 
quency  will  be  of  the  perpendicular  type  with  the  dipole  moment  changing- 
in  a  direction  perpendicular  to  the  symmetry  axis. 

Another  mode  of  motion  may  be  deduced  by  considering  the  X3  group 
to  be  oscillating  with  respect  to  the  Y  atom  and  in  such  a  manner  as  to  be 
always  parallel  to  itself.  As  the  YX  bond  forces  are  allowed  to  increase 
there  will  result  the  motion  designated  by  in  Fig.  8.  This  will  also  be  a 
parallel  frequency  and  will  be  nondegenerate.  The  last  remaining  modes 
may  be  deduced  by  considering  the  extreme  case  of  a  tipping  motion  of  the 
X3  group  relative  to  the  Y  atom.  Passage  to  the  intermediate  case  yields 
a  motion  such  as  designated  by  v\  in  Fig.  8.  This  is  a  perpendicular  fre¬ 
quency  and  is  doubly  degenerate  as  the  motion  of  the  Y  atom  is  isotropic 
in  a  plane  perpendicular  to  the  symmetry  axis.  We  see  now  that  with  v\  and 
vs  nondegenerate,  and  with  v2  and  vA  both  doubly  degenerate  we  have  a 
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Fig.  9.  Vibrational  modes  of  a  linear  Y2X2  molecule. 

total  of  six  fundamental  modes  of  vibration,  which  satisfies  the  value  for 
n  in  the  equation  n  =  3S— 6  when  S  =  4. 

c.  The  Collinear  Y2X2  Molecule.  This  last  model,  which  turns  out  to  be 
rather  simple,  has  an  example  in  the  highly  unsaturated  hydrocarbon 
acetylene,  C2H2.  The  extreme  and  intermediate  force  conditions  are  shown 
in  Fig.  9.  In  these  a  constant  set  of  force  conditions  are  not  assumed.  Rather 
to  obtain  vx  the  Y2  group  is  allowed  to  oscillate  independent  of  the  X  atoms 
and  to  obtain  v2  the  X2  group  is  allowed  to  oscillate  independent  of  the 
Y  atoms-  Passage  to  intermediate  forces  produces  the  types  of  oscillations 
shown  but  these  are  infrared  inactive  as  they  produce  no  change  of  dipole 
moment.  In  the  next  instance  a  rigid  Y2  group  is  allowed  to  oscillate  rela¬ 
tive  to  a  rigid  X2  group  and  the  intermediate  case  results  in  c3  which  is  a 
nondegenerate  parallel  type  frequency  which  will  result  in  a  dipole  change. 

or  v4  and  v6  the  figure  is  virtually  self-explanatory.  Each  of  these  fre¬ 
quencies  will  be  ol  the  perpendicular  type  and  both  will  be  doubly  de- 
generate  as  they  are  isotropic  in  a  plane  perpendicular  to  the  axis  of  the 
molecule.  1  he  latter  frequency  ^  will  be  infrared  inactive. 
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7 .  VIBRATION-ROTATION  SPECTRA  FOR  POLYATOMIC  MOLECULES 

In  Fig.  2  it  may  be  observed  that  there  is  no  fine  structure  in  the  bands 
shown.  This  is  due  to  two  reasons:  the  data  were  obtained  on  an  instrument 
of  medium  resolving  power  and  the  sample  was  in  the  liquid  phase.  When 
gases  are  examined  in  an  instrument  of  high  resolving  power  the  absorption 
bands  are  seen  to  consist  of  many  closely  spaced  fine  structure  lines.  An 
example  of  such  data  may  be  seen  in  Fig.  10  which  shows  the  fine  structure 
for  methane  in  the  3.3  n  region.  These  individual  lines  correspond  to  transi¬ 
tions  which  involve  simultaneous  changes  in  both  vibrational  and  rotational 
energy.  As  the  energy  differences  between  the  rotational  levels  are  very 
much  smaller  than  between  the  vibrational  levels  each  transition  between 
vibrational  levels  may  be  accompanied  by  any  one  of  a  large  number  of 
rotational  energy  transitions. 

The  mathematical  treatment  of  the  molecular  dynamics  is  of  course 
complicated  by  the  coexistence  of  both  vibrational  and  rotational  motion. 


Fig.  10.  Fine  structure  in  a  vibration-rotation  band  of  methane  (from  reference  18). 


However,  it  is  fortunate  that  to  a  good  approximation  the  two  motions 
with  their  energy  levels  can  be  considered  separately  and  the  results  then 
combined  to  explain  the  observed  bands.  This  separate  treatment  is  a 
consequence  of  the  rotational  energies  being  small  enough  as  to  not  ap¬ 
preciably  alter  the  interatomic  forces  responsible  for  the  vibrational  levels. 
Some  of  the  results  of  the  mathematical  investigations  will  be  given  below 
but  none  of  the  details  of  obtaining  them.  For  those  the  reader  should 


consult  Dennison’s  articles  (15,  16).  i  i  -n 

In  terms  of  its  principal  moments  of  inertia  A,  B,  and  C  a  molecule  will 

fall  into  one  of  four  classes.  These  arc:  _ 

(a)  Linear  molecules.  In  this  case  A  =  B  and  C  -  0. 

(b)  Symmetrical  top  molecules.  In  this  instance  A  =  B  and  C  ^  U. 

(c)  Spherical  molecules.  For  these  A  -  B  - -  C. 

(d)  Asymmetrical  top  molecules,  boi  these  ,  ,  .  j-a? 

It  is  found  that  the  fine  structure  for  the  vibrat.on-rota  ,on  band-s  d  ff 

erent  for  the  different  classes.  Furthermore,  it  is  found  that  the 
will  be  different  for  parallel  and  perpendicular  type  frequenci  . 
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For  the  case  of  linear  molecules  of  which  CO2,  CS2,  SCO,  HCN,  and 
C0H0  are  examples,  we  may  combine  the  results  of  equations  9  and  17  to 
obtain  the  vibration-rotation  energy  levels  with  a  particular  vibrational 
frequency  v.  We  then  have 

En,j  =  (n  +  h)hvo  +  •  (24) 

In  determining  the  selection  rules  it  is  found  for  the  parallel  frequencies 

P  Branch  R  Branch 

Aj«-|  Aj»  +  | 
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Fig.  11.  Appearance  of  fine  structure  in  the  vibration-rotation  bands  of  a  linear 
molecule.  The  upper  figure  is  for  parallel  vibrations  and  the  lower  half  for  per¬ 
pendicular  vibrations. 


that  A j  -  ±1.  In  calculating  the  frequencies  associated  with  the  transi¬ 
tions  we  have  then  the  two  cases: 


"w+i  -  v0  +  O'  +  1)  for  A  j  =  +1  and  j  =  0,  1,  2  •  •  • 
A'.}-1  =  v0  -  for  Aj  =  _lf  and  j  =  1?  2,  3  . . . 


These  then  supply  two  branches  of  the  fine  structure.  The  Aj  =  +1 
branch  is  known  as  the  positive  or  R  branch  and  A j  =  -1  gives  what  is 
known  as  the  negative  or  P  branch.  The  general  appearance  of  such  branches 
is  shown  in  the  upper  half  of  Fig.  11.  For  the  perpendicular  frequencies  the 
selection  rules  are  the  same  except  that  the  transition  Aj  =  0  is  allowed 
This  gwes  an  intense  line  known  as  the  Q  branch.  The  increase  and  decrease 
intensity  of  the  lines  with  increasing  j  for  the  P  and  R  branches  is  the 

°f  the  “  StateS  m  “ 
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In  the  case  of  symmetrical  top  molecules  such  as  NH3,  PH3,  and  the 
methyl  halides  there  is  an  added  degree  of  complexity  due  to  the  fact  that 
there  are  two  axes  of  inertia.  We  now  let  j  represent  the  total  angular 
momentum  quantum  number  and  specify  by  k  the  angular  momentum 
about  the  symmetry  axis.  The  energy  levels  associated  with  a  particular 
vibrational  frequency  are  now  given  by: 


En,j,k  ~  (ft  +  \)hv o  + 


h2j(j  +  1) 
8tt2.4 


+ 


(25) 


For  the  parallel  frequencies  the  selection  rules  are  A  j  =  0,  ±1  and  A  k  =  0. 
We  thus  have  for  this  case  the  relatively  simple  situation  of  a  P,  Q,  and  It 
branch  such  as  demonstrated  in  the  lower  portion  of  Fig.  11.  However, 
perpendicular  frequencies  are  complicated  by  the  selection  rules  A j  =  0, 
±1  and  A k  =  dbl.  Now  for  each  change  in  k  there  will  be  complete  set 
of  P,  Q,  and  R  branches  constituting  what  is  known  as  a  subsidiary  band. 
The  complete  band  is  then  a  superposition  of  these  subsidiary  bands  and 
is  very  complicated  in  that  it  is  made  up  of  many  closely  spaced  lines.  In 
fact  for  most  cases  it  is  only  possible  to  obtain  the  contour  for  the  complete 
band. 

It  is  clear  that  for  spherical  molecules  only  those  vibrations  will  be  infra¬ 
red  active  which  produce  dipole  moment  changes  antisymmetrical  with 
respect  to  the  center  of  symmetry.  We  may  think  of  these  as  corresponding 
to  the  perpendicular  type  of  bands  of  above.  Because  of  the  centei  of  sym¬ 
metry  there  will  be  no  active  vibrations  corresponding  to  the  parallel  bands. 
The  energy  levels  of  a  spherical  molecule  for  a  particular  vibrational  fre¬ 
quency  are  given  by 

h 2 

En,,  =(n  +  h)hn  +  +  D 


and  the  selection  rule  is4>  =  0,  ±1.  Thus,  we  have  a  P,  Q,  and  R  branch  in 
every  observable  band.  Note  the  actual  branches  in  the  spectrum  for  OH, 
seen  in  Fig  10.  For  the  asymmetrical  top  molecules  it  is  not  possible  to 
present  simple  general  rules  as  above  for  the  types  of  fine  structure  to  be 

e°A  discussion  of  the  correlation  of  infrared  and  Raman  data  and  the  as¬ 
signment  of  observed  frequencies  to  definite  vibrational  modes  will  be  g.ven 

in  Section  II,  7. 


II.  Raman  Spectroscopy 

The  Raman  effect,  so  named  in  honor  of  Sir  C  V.  Raman 
it,  is  a  phenomenon  in  the  scattering  of  light.  If  a  sample  of  matei.al  . 
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radiated  by  a  light  source  possessing  a  discrete  line  spectrum  the  scattered 
light  will  possess,  in  addition  to  these  lines,  additional  lines  that  are  rela¬ 
tively  weak.  These  additional  lines,  known  as  Raman  lines,  do  not  originate 
in  the  light  source  but  depend  upon  the  interaction  of  the  light  and  the 
sample.  Each  exciting  line  is  accompanied  by  one  or  more  oi  the  weak 
Raman  lines  and  the  displacements  are  independent  of  the  frequencies  of 
the  former.  Furthermore,  as  we  shall  see  later,  these  displacements  are 
directly  related  to  the  vibrational  and  rotational  energy  levels  of  the 
molecules  in  the  sample  and  thus  there  is  a  close  relationship  between 
Raman  and  infrared  spectra.  It  is  important  to  point  out  the  difference 
between  this  effect  and  Rayleigh  scattering  and  fluorescence.  In  Rayleigh 
scattering  the  exciting  light  is  scattered  without  change  of  wavelength. 
In  fluorescence  the  light  quanta  are  completely  absorbed  to  activate  ex- 


I  ig.  12.  Schematic  lay-out  of  equipment  used  in  Raman  spectroscopy. 

cited  electronic  states  which  then  decay  with  a  finite  life  time  and  with  the 
emission  of  radiation  of  considerably  lower  frequency  than  that  of  the  ex¬ 
citing  light.  Also,  the  amount  of  re-emitted  light  in  fluorescence  may  be 
comparable  to  the  amount  of  exciting  light;  whereas,  the  Raman  lines  are 
always  feeble  compared  to  the  exciting  lines. 

fhe  Raman  effect  has  been  comprehensively  discussed  in  a  number  of 
publications  which  may  be  consulted  if  the  reader  desires  a  more  complete 
treatment  than  is  possible  here  (4,  14,  19,  20,  21  22) 

i.  experimental  methods  and  equipment 
ry,be8f*n  in  a  schematic  way  the  essential  items  of  equip- 

•  f-l  '(solution,  and  reasonable  dispersion.  The  appearance  of  the 
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Raman  spectra  as  it  is  recorded  by  this  method  may  be  seen  in  Fig.  13, 
which  is  for  cyclopropane. 

For  excitation  the  most  common  source  is  probably  the  mercury  arc. 
In  it  mercury  vapor  is  excited  by  an  electrical  discharge  with  the  conse¬ 
quent  emission  of  the  atomic  lines  of  Hg.  Among  these  are  four  main 
ones  2537,  4049,  4358,  and  5461  A.  which  are  useful  for  Raman  work.  As 
the  effect  is  weak,  a  reflector  is  almost  always  used  as  indicated  in  Fig.  12. 
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Fig.  13.  Raman  spectra, n  of  cyclopropane  (courtesy  of  Dr.  D.  K.  Coles). 


a  filter  between  the  source  and  the  sample  is  necessary  for  two  reasons 
One  is  to  cut  out  the  source  lines  for  which  the  Raman  displacements  am 
not  desired  and  the  other  is  to  diminish  the  continuous  spectrum  emitted 

bv  the  He  discharge.  A  number  of  inorganic  materials  m  aqueous  solutions 
b>  the  idg  disc  For  example  a  saturated  solution  of  sodium  m- 
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by  means  of  a  microphotometer.  In  recent  years  progress  has  been  made 
in  measuring  the  intensities  directly,  using  photomultiplier  tubes  (24,  25). 
These  are  essentially  photocells  with  an  internal  amplifier.  By  multi¬ 
plication  through  secondary  emission  within  the  photomultiplier  tube,  the 
original  photoelectron  current  is  amplified  many  times.  This  method  of  de¬ 
termining  line  intensities  offers  considerable  promise  for  future  uses  as  it 
eliminates  the  difficulties  inherent  in  the  photographic  method.  In  Fig.  14 
may  be  seen  the  Ilaman  spectra  of  CeH6  obtained  in  this  manner. 

Fluorescent  impurities  are  very  undesirable  in  such  studies  as  the  conse¬ 
quent  continuous  background  may  seriously  mask  the  Raman  lines.  In 


Fig.  14.  Photoelectrically  recorded  spectrum  of  benzene  (from  reference  25). 

cases  where  the  various  physical-chemical  treatments  such  as  repeated  dis¬ 
tillation  and  selective  adsorption  are  not  successful  in  removing  these,  some 
improvement  has  at  times  been  achieved  by  adding  small  amotmts  of 
nitrobenzene  which  has  the  property  of  quenching  the  fluorescence  bv 
co  isions  of  the  second  land,  i.e.,  where  the  excitation  energy  of  the  fluores 

Itr^  t0  *>"  — e  rather*  than 


2.  GENERAL  NATURE  OF  THE  RAMAN  EFFECT 

disttctl^  the  scattering  of  light  with 
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lines  are  of  lower  frequency  than  the  excitation  line  it  means  that  a  portion 
of  the  energy  of  the  photon  has  been  imparted  to  the  molecule.  Conversely, 
for  displacements  to  higher  frequency,  the  photon  has  extracted  energy 
from  the  molecule.  The  energies  imparted  to  or  extracted  from  the  molecule 
are,  of  course,  discrete  and  are  those  involved  in  transitions  between  vibra¬ 
tional  and  rotational  levels.  Hence,  the  close  relationship  with  infrared 
spectra.  Let  us  designate  by  Ay  the  displacement  in  wave  numbers  for  a 
particular  line.  Then  we  have  Ay  =  ( AE/h )  =  ( En  —  Em)/h,  where  En 
and  Em  are  different  molecular  energy  levels.  The  Ay’s  are  independent  of 
the  frequency  of  the  excitation  line.  For  gases  there  are  observed  two  sets 
of  Raman  lines,  one  with  very  small  values  of  Ay  which  are  those  due  to 
transitions  between  rotational  levels  and  one  with  larger  values  of  Ay  which 
are  due  to  transitions  between  vibrational  levels. 

In  the  interaction  processes  between  photons  and  molecules  wherein 
the  Raman  shifts  occur  the  polarization  of  the  molecule  by  the  electric  field 
of  the  electromagnetic  waves  is  fundamental.  When  a  molecule  is  subjected 
to  an  external  electric  field  an  electric  dipole  moment  M  is  induced.  It  is 
related  to  the  external  field  F  by  the  equation 

M  =  aF  (26) 


wherein  M  and  F  are  vector  quantities  and  a  is  the  polarizability. 
The  polarizability  is  not  a  constant  but  depends  upon  the  orientation  of 
the  molecule  relative  to  the  applied  field.  When  it  is  plotted  for  a  fixed  set  of 
conditions,  as  a  function  of  orientation  angles  in  three  dimensional  polar 
coordinates  it  yields  what  is  known  as  the  polarization  ellipsoid.  Since  it 
depends  on  the  interatomic  distances  and  bond  angles  it  is  obvious  that 
it  will  vary  with  molecular  vibrations  and,  relative  to  a  fixed  axis,  with 
molecular  rotations.  In  order  to  see  the  connections  between  molecular 
motions,  polarizability,  and  Raman  shifts  we  may  first  consider  the  system 
classically  We  may  express  the  variation  of  the  polarizability  during  v.bra- 

tion  as : 


«  =  a(0,  v )  +  «(M)  sin  2 Tv0t 


(27) 


where  I  is  the  time,  «(0,  a)  and  «(1. .)  are  the  equilibrium  poatra -Pota¬ 
bility  and  amplitude  of  polarization  change,  respectively,  and  f 

quency  of  the  molecular  vibration.  The  electric  vector  F  of  the  incident 

radiation  may  be  expressed  as: 

F  =  F0  sin  27i rvt 

Combining  equations  27  and  28  in  equation  20  and  using  the  rules 
of  trigonometry  we  obtain: 
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M(v )  =  a( 0,  v)  F0  sin  2irpt  +  %a(  1,  w)  F0  {cos  2jt(v  —  r0)£  ^9) 

—  cos  27r(r  +  i>o)i} 

We  thus  see  from  equation  29  that  the  induced  dipole  moment  changes  with 
the  two  frequencies  (p  —  pq)  and  (p  +  po)  in  addition  to  the  exciting  fre¬ 
quency  v.  Classically,  an  oscillating  dipole  radiates  light  of  the  same  fre¬ 
quency  as  its  own  oscillations.  Thus  our  model  would  radiate  with  the  three 
frequencies  (above)  and  this  in  agreement  with  experiment  in  that  the  ex¬ 
citing  frequency  and  displacements  on  both  sides  of  it  are  obtained. 

A  similar  consideration  of  the  molecular  rotations  may  also  be  made.  For 
this,  we  may  write  the  polarization  during  rotation  as: 

a  =  a(0,  r )  +  a(l,  r )  sin  2tt  2vrt  (30) 

where  vr  is  the  rotational  frequency  and  it  is  multiplied  by  a  factor  of  2  in 
the  equation  because  the  polarization  must  necessarily  be  the  same  in  oppo¬ 
site  directions.  Operations  as  above  yield  the  equation  for  the  induced  di¬ 
pole  as : 


M(r)  =  a(0,r)  F0sm2irpt  +  \a(l,r)  F0  {cos27r(i'  —  2i >r)l 
—  cos  2tt(p  -f-  2vr)t] 


(31) 


Here  again  we  have  an  oscillating  dipole  moment  which  now  has  the  three 
frequencies  p,(p  —  2vr),  and  ( v  -f-  2vr ).  If  in  accordance  with  quantum  no¬ 
tions,  we  assume  only  discrete  rotational  frequencies  are  allowable,  the 
rotational  Raman  displacement  value  2vr  is  twice  the  rotational  line  separa¬ 
tion  observed  by  infrared.  This  is  in  agreement  with  experiment  for  linear 
molecules. 

Since  the  polarizability  of  a  molecule  depends  upon  its  orientation  the 
induced  dipole  will  not  in  general  point  in  the  same  direction  as  the  electric 
field.  Rather  it  will  be  inclined  in  the  direction  of  the  greatest  polarization 
the  components  of  the  induced  dipole  are  given  by: 

Mx 

My 
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(32) 


where  V,  F„  and  F,  are  the  components  of  the  electric  vector.  The  prob- 
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where  'Fn  and  are  eigenfunctions  as  discussed  in  the  preceding  section. 
Similar  equations  hold  for  the  y  and  z  components  of  Pnm,  and  for  a  transi¬ 
tion  to  be  forbidden  we  must  therefore  have  all  such  integrals  as  above  equal 
to  zero. 

3.  SELECTION  RULES  FOR  VIBRATIONAL  TRANSITIONS 
Rather  than  evaluate  the  integrals  of  the  type  shown  in  equation  33,  it 
is  possible  to  deduce  which  vibrations  will  be  Raman  inactive  from  sym¬ 
metry  considerations.  We  know  that  for  the  emission  or  absorption  of  radia¬ 
tion,  a  vibration  must  entail  the  oscillation  of  an  electric  dipole  moment. 
Infrared  active  frequencies  are  those  such  that  the  molecular  motion  pro¬ 
duces  an  oscillating  dipole.  For  the  Raman  case  the  oscillating  dipole  comes 
from  the  interaction  of  the  incident  radiation  and  the  molecule  and 
the  change  in  polarizability  throughout  the  molecular  vibrations.  Since  the 
polarizability  depends  on  the  interatomic  distances  it  is  evident  that  it  will 
vary  during  a  vibration  that  is  symmetrical  relative  to  a  point  of  symmetry. 
We  thus  have  modes  of  motion  observable  in  the  Raman  effect  which  were 
not  observable  in  infrared.  For  example,  the  totally  symmetric  molecules 
such  as  H2,  Oo,  and  N2  possess  Raman  spectra  but  no  infrared  spectra. 
Furthermore,  the  symmetrical  vibration  in  of  the  linear  YX2  molecule  seen 
in  Fig.  7  will  be  Raman  active  as  well  as  the  symmetrical  and  infrared  in¬ 
active  vibrations  vi,  r2,  and  vt,  of  the  linear  ^2X2  molecule  shown  in  Fig.  9. 

It  is  clear  that  for  the  fundamental  of  a  frequency  to  be  Raman  inactive 
the  polarizability  remain  unchanged  during  vibration.  1  his  means  that 

/  i 


0  =  0  where  Xi  is  the  normal  coordinate  for  the  frequency  under  con¬ 
sideration  and  the  derivative  is  evaluated  for  the  equilibrium  configuration. 
The  polarizability  is  not  a  directed  quantity,  and  so  for  a  vibration  that  is 
antisymmetrical  with  respect  to  a  center  of  symmetry  it  will  have  the  same 
value  for  displacements  from  equilibrium  in  opposite  directions.  Thus  the 
polarizability  will  have  a  maximum  or  minimum  value  for  the  equilibrium 
configuration  and  the  criterion  for  the  frequency  to  be  Raman  inactive  will 
be  satisfied.  Examples  of  Raman  inactive  frequencies  are  *  and  r3  in  tig.  / 
and  and  r4  of  Fig.  9.  These  same  frequencies  are  the  only  ones  that  aie 
infrared  active  for  their  respective  molecules.  Thus  we  see  that  tor  molecu  es 
possessing  a  center  of  symmetry  infrared  and  Raman  spectra  “e  c'.rnpiemen- 
ary.  For  these  molecules  the  vibrations  that  are  symmetrical  to  the  cento 
of  symmetry  will  be  infrared  inactive  and  Raman  active  while  those  which 
antisymmetrical  to  the  center  of  symmetry  will  be  infrared  active  and 
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Raman  inactive 
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4.  PURE  ROTATIONAL  RAMAN  SPECTRA 

rotational  spectra  in  the  infrared  are  difficult  to  obtain  be- 
thc  long  wavelength  region  where  the  equipmen 
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is  inadequate,  the  pure  rotational  Raman  spectra  is  difficult  to  obtain  be¬ 
cause  the  lines  are  so  close  to  that  of  the  exciting  frequency.  This  is  of  course 
because  the  energy  differences  between  rotational  levels  are  small  and  the 
consequent  Raman  displacents  are  small.  An  ingenious  method  of  alleviat¬ 
ing  this  difficulty  was  used  by  llassetti  (26)  who  used  the  2537  A.  line  ol  Hg 
for  the  excitation  of  Raman  displacements  in  gases.  This  is  a  resonance  line 
and  is  strongly  absorbed  by  mercury  vapor.  Rassetti,  therefore,  used  a  filter 
of  cold  mercury  vapor  in  the  spectrograph,  thus  reducing  the  intensity  of  the 

scattered  excitation  line. 

As  was  shown  by  the  above  classical  treatment,  the  rotational  Raman 
effect  is  due  to  the  variation  in  polarizability,  relative  to  a  fixed  direction, 
of  a  molecule  as  it  rotates.  Thus  a  molecule  which  is  spherically  symmetric 
will  have  no  pure  rotational  Raman  spectra.  This  is  borne  out  by  methane, 
for  example,  for  which  no  such  displacements  have  been  observed  even  with 
very  long  exposure  times.  However,  all  other  types  of  molecules  will  neces¬ 
sarily  show  pure  rotational  lines  if  examined  in  the  gaseous  state.  For  linear 
molecules  the  energy  levels  will  of  course  be  given  by  equation  17.  The 
selection  rule  now  is  A j  =  0,  ±  2.  Thus  there  will  be  a  P  and  an  R  branch, 
the  P  branch  on  the  low  frequency  side  and  the  R  branch  on  the  high  fre¬ 
quency  side  of  the  excitation  line.  Because  j  changes  by  two,  the  spacings  of 
the  lines  in  wave  numbers  will  be  twice  those  of  the  pure  infrared  rotational 
spectra.  The  appearance  of  the  rotational  spectra  will  be  similar  to  the  lower 
figure  in  Fig.  11  with  the  excitation  line  in  the  center  instead  of  a  Q  branch. 

For  symmetrical  top  molecules  it  is  clear  that  there  will  be  no  rotational 
Raman  spectra  for  rotations  about  the  symmetry  axis.  However,  for  rota¬ 
tions  about  an  axis  perpendicular  to  it  there  is  a  rich  array  of  lines.  The 
rotational  energy  levels  of  a  symmetrical  top  molecule  are  given  by 


F  -  H 2  7  •  n  **** 

“  8^4  1(1  +  0  +  8? 


(34) 


where  A  and  C  have  the  same  meanings  as  defined  in  Section  7, 1.  Note  that 
equation  34  is  the  same  as  equation  25  except  that  it  includes  no  term  for  vi¬ 
brational  energy.  The  selection  rules  for  this  case  are  Aj  =  0,  ±  1,  ±  2;  AA- 
=  0.  This  then  gives  a  total  of  five  branches  with  the  Aj  =  0  branch  coin¬ 
ciding  with  the  excitation  frequency.  For  A j  =  -1,  +1  the  branches  are 
designated  as  the  P  and  R  branches,  respectively,  and  for  Aj  —  —2,  +2 
they  are  designated  as  the  0  and  S  branches,  respectively.  It  is  clear  that 
for  every  second  line  the  0  and  S  branches  will  give  the  same  frequencies  as 
the  P  and  R  branches.  The  appearance  of  such  a  spectrum  may  be  seen  in 
1’ig  Id.  For  asymmetrical  top  molecules  the  theory  is  much  more  difficult 
and  there  are  very  few  experimental  data  available. 
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5.  DEPOLARIZATION  OF  RAMAN  LINES 

It  is  well  known  that  radiation  due  to  Rayleigh  scattering  is  partially 
polarized  when  viewed  from  a  direction  at  right  angles  to  the  direction  of 
incident  radiation.  1  his  is  due  to  the  fact  that  electromagnetic  waves  are 
transverse  and  to  the  fact  that  radiation  from  an  oscillating  dipole  is 
greatest  on  the  meridian  plane  perpendicular  to  the  line  of  oscillation.  As 
the  Raman  elfect  is  also  a  scattering  phenomenon  we  have  polarization  and 
depolarization  effects  in  the  Raman  lines.  These  are  related  to  the  types  of 
vibrations  in  which  they  originate.  Let  us  denote  by  i  the  intensity  of  the 
radiation  scattered  in  a  direction  perpendicular  to  the  direction  of  exciting 
light  and  with  its  electric  vector  vibrating  in  a  direction  parallel  to  the 
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Fig.  15.  Rotational  Raman  band  for  asymmetrical  top  molecule.  The  thin  lines 
correspond  to  A j  =  ±1  and  the  thick  lines  A j  =  ±2. 


direction  of  the  exciting  light.  Let  us  denote  by  I  the  intensity  of  light  scat¬ 
tered  in  the  same  direction  with  its  electric  vector  vibrating  at  90°,  i.e., 
perpendicular  to  the  direction  of  incident  light.  The  ratio  of  these,  p  =  i/I 
is  called  the  depolarization  factor.  Its  value  is  a  measure  of  the  depolariza¬ 
tion  as  for  p  =  0  we  would  clearly  have  complete  polarization  of  the  scat¬ 
tered  light.  #  .  , 

Let  us  first  consider  a  molecule  of  spherical  polarizability.  When  hg  i 

polarized  in  the  y  direction  is  incident  on  it  the  induced  dipole  oscillations 
will  be  in  the  y  direction.  Scattered  radiation  will  therefore  be  polarized, 
having  the  direction  of  the  oscillating  electric  vector  also  in  the  y  direction. 
Let  us  suppose  now  that  the  polarizability  of  the  molecule  is  ellipsoidal  and 
that  the  direction  of  greatest  polarizability  is  not  in  the  same  direction  as 
the  vibrations  of  the  electric  vector  of  the  incident  radiation.  The  induce 
polarization  will  then  not  be  parallel  to  the  direction  of  po  arization  of  the 
incident  light  and  it  will  have  a  component  perpendicular  to  it.  This  com 
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ponent  will  then  be  responsible  for  a  depolarization  intensity  in  the  scat¬ 
tered  radiation.  A  detailed  theory  of  polarizability  (27)  yields  several  rules 
correlating  the  depolarization  with  type  of  vibration.  It  is  found  that  those 
vibrations  that  are  antisymmetrieal  with  respect  to  one  or  more  elements  o 
symmetry  and  which  are  not  forbidden  are  depolarized.  If  the  incident 
radiation  is  linearly  polarized  p  =  3/4,  and  if  it  is  not  polarized  p  =  0/7. 
For  symmetrical  vibrations  the  Raman  lines  are  polarized  or  nearly  so,  i.e., 
p  has  a  value  close  to  zero.  These  relations  are  of  great  aid  in  analyzing 
Raman  spectra  as  they  allow  an  immediate  assignment  to  classes  of  vibra¬ 
tions. 

The  experimental  determination  of  the  depolarization  is  quite  difficult 
since  all  parasitic  light  should  be  eliminated.  In  the  measurement  of  the 
intensity  of  the  two  perpendicular  components  a  combination  of  a  mica 
half-wave  plate  and  a  Nichol  prism  may  be  used  (28).  These  are  placed  be¬ 
tween  the  tube  holding  the  sample  being  examined  and  the  spectrograph. 
By  suitable  orientation,  relative  to  each  other,  of  the  Nichol  prism  and  the 
half-wave  plate  first  one  component  and  then  the  other  may  be  admitted  to 
the  spectrograph.  A  determination  of  the  densities  of  the  resulting  lines  on  the 
photographic  plate  may  then  be  used  to  evaluate  p.  In  cases  where  the  de¬ 
polarization  is  being  observed  for  a  sample  irradiated  with  polarized  light 
some  sort  of  polarizing  arrangement  must  be  used  between  the  radiation 
source  and  the  sample  tube.  In  one  example  this  was  achieved  by  wrapping 
the  tube  with  Polaroid  (29) . 

6.  VIBRATION-ROTATION  RAMAN  SPECTRA 

In  Section  G,  I,  was  given  a  discussion  of  the  normal  modes  of  motion  of 
a  polyatomic  molecule  and  of  the  mathematical  approach  to  the  theoretical 
determination  of  these  modes.  Also  in  the  same  section  was  given  a  discus¬ 
sion  of  Dennison’s  method  of  extreme  fields,  which  can  readily  yield  a  quali¬ 
tative  picture  of  the  normal  vibrations  in  the  simpler  molecules.  Since 
Raman  displacements  are  due  to  transitions  between  vibrational  and  rota¬ 
tional  states  these  earlier  considerations  apply  here  also.  There  is  no  dif¬ 
ference  between  the  type  of  basic  information  supplied  by  infrared  and 
Raman  spectra. 

The  rotational  lines  in  the  vibration-rotation  bands  are  considerably  more 
difficult  to  obtain  in  Raman  than  in  infrared  spectra.  This  is  a  consequence 
of  the  experimental  difficulties  as  they  require  a  very  high  dispersion  spectro¬ 
graph  and  the  examination  of  the  material  in  the  gaseous  state.  Since  the 
concentration  of  material  in  the  gaseous  state  is  low,  long  exposures  are 
necessary  An  increase  of  pressure  will  in  general  not  improve  matters  due  to 
ie  effect  known  as  pressure-broadening.  In  this  the  widths  of  the  individual 
mes  are  broadened  with  increase  of  pressure  due  to  the  shortening  of  the 
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time  intervals  between  collisions  (30,  31, 32).  Experimental  results  on  vibra- 
tion-i  otation  Raman  spectra  are  meager  and  some  of  the  theoretical  predic¬ 
tions  concerning  band  structure  have  not  as  yet  been  fully  confirmed.  For  a 
lineai  molecule  the  selection  rule  for  the  change  of  angular  momentum  quan¬ 
tum  number  is  Aj  =  0,  ±2  for  rotational  transitions  accompanying  transi¬ 
tions  in  the  vibration  frequency  parallel  to  the  molecular  axis  (see  Section  6, 
I).  I  his  gives  P,  Q ,  and  R  branches  with  the  line  separation  just  twice  that 
for  the  infrared  spectra.  For  vibrations  of  the  same  molecule  perpendicular 
to  the  axis  the  selection  rule  is  A j  =  ±1,  ±2  which  yields  0,  P,  R,  and  S 
branches.  For  a  symmetrical  top  molecule  the  two  rotational  quantum  num¬ 
bers  j  and  k  must  be  considered.  In  the  case  of  vibrations  parallel  to  the 
symmetry  axis  we  have  A  k  =  0  and  A  j  =  0,  ±1,  d=2,  which  predicts  the 
five  branches  0,  P,  Q,  R,  and  S.  The  situation  is  even  more  complicated  for 
those  vibrations  perpendicular  to  the  symmetry  axis  as  now  the  selection 
rule  is  Aj  =  0,  ±1,  ±2  and  AA-  =  ±1  or  ±2.  This  predicts  a  maximum  of 
nine  separate  branches  (including  the  Q  branch)  and  it  is  clear  that  to  iden¬ 
tify  them  extremely  high  dispersion  and  clarity  of  results  would  be  neces¬ 
sary.  In  Section  4,  II,  we  saw  that  no  pure  rotation  spectra  are  observable 
for  spherically  symmetric  molecules  due  to  the  spherical  polarizability.  In 
the  case  of  totally  symmetric  vibrations  for  the  same  molecule  there  will 
also  be  no  rotational  fine  structure.  For  antisymmetric  vibrations  there  will 
be,  however,  a  rotational  fine  structure,  and  for  these  the  selection  rule  A j  = 
0,  drl,  ±2,  which  gives  five  branches. 


7.  CORRELATION  AND  ASSIGNMENT  OF  INFRARED  AND  RAMAN  FREQUENCIES 

In  Section  4,  I,  we  saw  that  to  a  first  approximation  the  vibrations  of  a 
specific  diatomic  group  may  be  considered  as  independent  of  the  remainder  of 
the  molecule.  Thus  different  molecules  possessing  a  common  type  of  dia¬ 
tomic  group  will,  in  general,  all  have  a  fundamental  vibrational  frequency 
of  about  the  same  value  which  may  be  assigned  to  this  group.  This  is  a  very 
convenient  situation  as  it  makes  the  immediate  recognition  of  some  of  the 
fundamental  frequencies  possible.  The  typical  absorption  frequencies  ob¬ 
servable  by  infrared  for  a  number  of  diatomic  groups  were  seen  in  Table  I. 
These  data  are  augmented  by  those  in  Table  III,  which  gives  a  number  of 
frequencies  assignable  to  diatomic  groups  that  have  been  determined  by 
Raman  spect^pscopy.  They  further  illustrate  the  degree  of  invariance  of 
such  frequencies  in  progressing  through  a  series  of  halo-methanes. 

In  the  preceding  sections  we  have  seen  how  in  some  cases  infrared  and 
Raman  spectra  give  essentially  the  same  information  about  a  molecule  and 
in  others  how  they  are  complementary.  We  have  also  seen  how  the  rota¬ 
tional  fine  structure  depends  on  the  nature  of  the  molecule  and  t  e  ype o 
vibration,  i.e.,  parallel  or  perpendicular,  with  which  it  is  associated.  With 
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these  data  it  is  possible  in  many  cases  to  determine  at  least  qualitatively  the 
modes  of  vibration  of  a  molecule,  and  to  obtain  information  concerning 
force  constants  and  details  of  structure.  As  expressed  by  Sutherland  (4) 
there  are  three  problems  in  analyzing  vibration  spectra.  They  are  (a)  to 
determine  from  the  observed  infrared  and  Raman  bands  those  which  repre¬ 
sent  fundamental  frequencies  and  those  which  represent  combinations  and 
overtones,  (b)  to  assign  correctly  the  fundamental  frequencies  to  definite 
vibrational  modes  of  a  particular  molecular  model,  and  (c)  to  deduce  the 
values  of  such  fundamental  frequencies  as  are  not  directly  observable.  In 

tablp:  III 


Characteristic  C-X  Frequencies  for  a  Series  of  Halo-Methanes  (20) 


Substance 

Bond 

Frequency  (cm.  l) 

Av.  (cm.  *) 

CHCh 

C— H 

3020 

CHC12F 

3014 

CHBr2F 

3017 

3018 

CHBrCk 

3020 

CH3F 

C-F 

1048 

ch2cif 

1046 

CHCbF 

1065 

1050 

CCI3F 

1067 

CH3CI 

C— Cl 

732 

CH2ClBr 

726 

730 

CHBr2Cl 

750 

CBr3Cl 

734 

CH3Br 

C— Br 

610 

CH2IBr 

616 

618 

CH2Br2 

637 

CHCbBr 

610 

CH3I 

C— I 

532 

532 

answering  these  problems  there  is  no  definite  set  of  rules  that  can  be  fol¬ 
lowed  to  analyze  the  data  for  any  particular  molecule.  Because  of  the  com¬ 
plexity  each  molecule  constitutes  a  separate  problem  wherein  deductions 
unique  to  it  alone  are  necessary.  However,  there  are  a  number  of  generaliza¬ 
tions  and  observations  that  are  very  useful. 

In  the  inspection  of  data  the  intensity  of  a  band  is  a  good  guide  in  estab¬ 
lishing  whether  or  not  it  is  a  fundamental  as,  in  general,  such  transitions 
are  much  more  probable  than  overtones  or  combination  frequencies.  The 
position  of  the  band  in  the  spectrum  is  also  useful.  From  such  data  as  those 
in  tables  I  and  III  we  know  where  the  fundamental  vibrations  assignable 
to  diatomic  groups  he  and  we  know  where  to  expect  overtones  of  such  fre¬ 
quencies.  In  the  choice  of  a  molecular  model  the  investigator  can  be  guided 
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leliable  information  from  other  approaches  such  as  the  chemistry  of 
the  compound,  electron  and  X-ray  diffraction  data,  dipole  moment 
measurements,  ultraviolet  absorption  data,  and  the  use  of  actual  atom 
models  (33).  In  the  assignment  of  frequencies  to  vibrational  modes  use  may 
be  made  of  the  selection  rules  given  earlier  wherein  the  number  and  types 
of  fine  structure  bands  determine  whether  the  frequency  is  of  the  symmetri¬ 
cal  or  antisymmetrical  type.  The  absence  of  certain  bands  in  either  the  in¬ 
frared  or  Raman  spectra  will  also  help  to  indicate  the  types  of  frequencies 
since  it  is  known  what  types  are  forbidden  in  the  two  cases.  The  position  is  a 
further  guide  since  vibrations  involving  the  stretching  of  valence  bonds  will 
have  higher  frequencies  than  those  involving  bending.  The  examination  of  a 
sequence  of  molecules  in  which  successive  members  differ  only  in  the  sub¬ 
stitution  of  a  single  atom  often  may  yield  useful  information  towards  the 

2  00  400  «00  BOO  1000  1200 _ 3000CM-I 


1 1 
«*  1 

.1  \  * 

i  I 

»  i  ' 

\  1  \ 

1 

u 

CHBr3 

1  '  \ 

1  \  ' 

[\  l 

'  1  * 

V  \ 

\  1  V 

I  l  l 

;  •.  ! 

h 

i  i 
<  i 

ii 

M 

CHBrzCI 

i  1 

'  i 

1  i 

>  ’  ' 

’  1 

CHBrCIz 

'  \ 

i  i 

)  J 

1 

CHGU 

Fig.  16.  Vibrational  frequencies  observed  by  Raman  spectroscopy  for  a  series  of 
halo-methanes  (from  reference  34). 

assignment  of  frequencies.  In  this  way  the  different  modes  of  motion  may  be 
traced  through  the  sequence  and  problems  of  degeneracy  and  symmetry 
settled.  Glockler  and  Leader  (34)  have  obtained  such  data  for  a  number  of 
halo-methanes  and  some  of  their  results  may  be  seen  in  Fig.  16.  Note  here 
how  a  single  substitution  may  remove  or  restore  degeneracy,  and  also  the 
invariancy  of  the  C— H  group  frequency  near  3000  cm.-1  In  such  cases 
where  a  fundamental  frequency  is  forbidden  in  both  the  infrared  and  Raman 
spectra  it  may  be  necessary  to  use  an  indirect  method  to  find  it.  One  such 
approach  is  to  assume  a  definite  frequency  and  compare  specific  heat  values 
calculated  on  this  assumption  with  experimentally  observed  values. 

In  Section  G,  I,  were  described  the  vibrational  modes  of  the  colhnear  \  2X2 
molecule,  Fig.  9,  of  which  acetylene,  C2H2,  is  an  example  that  has  been  satis¬ 
factorily  studied.  In  Table  IV  are  given  the  observed  infrared  bands  for 
acetylene  and  the  vibrational  modes  to  which  they  are  due.  It  is  to  be  note 
that  most  of  the  bands  are  due  to  combination  frequencies  involving  two 
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modes.  With  the  exception  of  the  1326  cmr1  band  these  are  weak  compared 
to  those  due  to  single  modes.  The  frequency  designation  here  is  the  same  as 
that  used  in  Fig.  9.  In  addition  to  these  data  there  are  two  vibrational  fre¬ 
quencies  observed  in  the  Raman  spectra,  at  1974  and  3372  cm.  1  ihe  first 
of  these  is  due  to  the  vx  vibrational  mode  and  the  latter  to  the  r3  mode.  The 
discussion  of  Raman  frequency  assignment  to  a  number  of  other  molecules 
and  applications  of  the  data  to  other  topics  such  as  thermodynamic  proper¬ 
ties,  force  constants,  equilibrium  constants,  molecular  structure,  and  hin¬ 
dered  rotation  has  been  given  by  Glockler  (20). 

TABLE  IV 

Observed  Frequencies  and  their  Assignments  for  C2H2  Molecule 


Observed  frequency  (cm.  ■) 

730 

1326 

2643 

2670 

2702 

3288 

3882 

3910 

4092 


Vibrational  modes  involved 
v\ 

Vi,  v$ 

V2,  Vi 
V3,  vs 
Vl,  Vi 
Vi 

V3,  Vi 
Vi,  Vi 
V2,  Vi 


III.  Ultraviolet  Absorption  Spectroscopy 

When  gaseous  material  is  excited  by  an  electrical  discharge  it  will  emit 

light  that  may  extend  in  wavelength  from  the  far  ultraviolet  into  the  visible 

region.  In  such  a  process  several  phenomena  may  be  acting  to  produce  the 

radiations  and  the  complete  analysis  is  very  difficult.  We  shall,  first  of  all, 

not  be  concerned  here  with  emission  spectra  nor  shall  we  be  particularly 

concerned  with  the  visible  region.  We  shall  consider  primarily  the 

absorption  spectra,  and  transitions  they  represent,  lying  in  the  ultraviolet 

legion  between  about  2000  and  4000  A.  In  general,  hydrocarbons  have  no 

absorption  in  the  visible  region  and  so  far  as  is  known  only  those  possessing 

unsaturation  will  absorb  in  this  region  of  the  ultraviolet.  When  light  is 

absorbed  in  the  ultraviolet  the  energy  is  used  to  produce  transitions  between 

electronic  energy  levels.  In  these  the  changes  involve  the  distribution  and 

energy  of  the  valence  bonding  electrons.  Although  such  transitions  may  be 

accompanied  by  changes  in  vibrational  and  rotational  states  the  energy 

absorbed  is  of  an  order  of  magnitude  greater  than  that  absorbed  in  exciting 

pure  vibrational  and  rotational  transitions.  The  absorption  of  a  photon  of 

wavelength  3000  A.  involves  an  energy  of  65.5  X  10~13  ergs,  while  the  ab 

sorption  of  a  photon  of  wavelength  6  M  involves  an  energy  of  3.28  X  10~13 
ergs. 
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1.  EXPERIMENTAL  METHODS 

In  the  study  of  ultraviolet  absorption  spectroscopy  a  spectrograph  or 
spectrometer  is  needed  with  optics  which  will  pass  wavelengths  in  this 
region.  Fused  quartz  is  suitable  and  the  most  commonly  used  material. 
When  a  study  is  being  made  of  the  fine  details  of  band  structure  it  is  neces¬ 
sary  to  have  high  resolution.  However,  it  is  possible  to  do  a  great  deal  of 
work  on  materials  in  solution  and  since  most  hydrocarbons  exhibiting  ultra¬ 
violet  absorption  are  studied  as  liquids  instruments  of  somewhat  lower  re¬ 
solution  are  commonly  used. 

For  that  reason  the  reader  is  referred  to  other  sources  (35,  36)  for  details 
of  the  higher  resolution  instruments  and  we  shall  describe  here  a  photoelec¬ 
tric  spectrometer  of  very  wide  usage  (37).  A  schematic  diagram  of  the  optics 
of  this  instrument  may  be  seen  in  Fig.  17.  Here  S  represents  the  source, 
which  may  be  a  hydrogen  discharge  lamp.  Light  is  reflected  to  the  collimat- 
ing  mirror  W  through  the  entrance  slit  R  by  means  of  the  two  mirrors  M 


Fig.  17.  Optical  diagram  of  quartz  prism  spectrophotometer  for  ultraviolet  ab¬ 
sorption  measurements  (from  reference  37). 


and  N.  From  there  it  goes  to  the  quartz  prism  P  where  it  is  doubly  refracted 
due  to  a  reflecting  coating  on  the  back  face  of  the  prism.  Some  of  it  will  re¬ 
turn  to  W  and  pass  out  through  the  exit  slit  which  is  just  above  R  in  a  direc¬ 
tion  perpendicular  to  the  plane  of  the  figure.  It  passes  through  the  sample 

cell  C  and  on  to  the  photoelectric  detector  T. 

The  photoelectric  detector  yields  a  current  which  is  proportional  to  the 
radiation  intensity  and,  by  means  of  electronic  amplifiers,  a  very  conven¬ 
iently  handled  electrical  signal  is  obtained.  The  wavelength  of  the  radiation 
passing  through  the  absorption  cell  is  controlled  by  rotating  the  prism.  Foi 
work  wherein  the  highest  resolution  is  not  desired  the  photoelectric  meas¬ 
urement  of  the  radiation  intensity  has  advantages  over  the  use  of  a  photo¬ 
graphic  plate.  In  the  former  a  value  porportional  to  the  light  intensity  is 
immediately  available  whereas  in  the  latter  method  the  plate  must  be  de¬ 
veloped  and  the  intensity  of  blackening  determined. 

For  the  examination  of  solutions  and  pure  liquids  the  absorption  cell  \\m- 
dot  s  must  Of  course,  be  of  a  material  such  as  quartz  which  is  transparent 
for  this  spectral  region.  As  shall  be  discussed  in  detail  later,  many  com¬ 
pounds  are  transparent  in  this  region.  Of  great  convenience  is  the  fact 
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paraffins,  alcohol,  distilled  water,  and  others  are  among  these.  This  makes  it 
possible  to  study  many  substances  in  solution  without  interference  iom 
absorption  by  the  solvent.  Of  those  compounds  which  do  have  ultraviolet 
absorption  many  absorb  very  strongly  and  in  a  cell  1  cm.  in  thickness  they 
must  often  be  examined  in  very  dilute  solution,  of  the  order  of  one  part  m 
many  thousands.  Because  of  this,  care  must  be  taken  that  contamination 
of  other  samples  or  of  the  solvent  does  not  occur. 


2.  GENERAL  NATURE  OF  ELECTRONIC  TRANSITIONS 

Ultraviolet  spectra  are  the  result  of  transitions  between  electronic  states 
of  the  molecules  when  quanta  are  absorbed.  1  hese  electronic  states  are 
quantum  states  obeying  the  same  general  rules  of  quantum  mechanics  given 
in  the  earlier  sections.  The  energies  involved  are  much  higher  than  in  rota¬ 
tional  and  vibrational  states  and  for  any  particular  level  the  total  electronic 
energy  that  must  be  considered  is  the  sum  of  the  kinetic  and  potential  energy 
of  the  binding  electrons  plus  the  electrostatic  interaction  energy  of  the 
nuclei.  The  observed  spectra  may  be  quite  complicated  since  transitions  be¬ 
tween  electronic  levels  are  generally  accompanied  by  transitions  between 
vibrational  and  rotational  states.  Thus  an  ultraviolet  absorption  spectrum 
due  to  a  single  transition  between  two  electronic  states  ma}r  show  a  wealth 
of  fine  structure  due  to  concurrent  changes  in  vibrational  and  rotational 
modes  of  motion.  For  the  complete  spectra  one  must  then  consider  a  series 
of  energy  level  diagrams  such  as  seen  in  Fig.  18  for  a  diatomic  molecule. 
Here  may  be  seen  the  vibrational  energy  levels  for  one  mode  of  vibration 
for  the  ground  and  excited  electronic  state.  Since  this  represents  but  one 
mode  of  vibration  it  is  clear  that  for  a  polyatomic  molecule  a  complete 
consideration  would  involve  similar  diagrams  for  the  other  modes.  In  Fig. 
19  may  be  seen  the  absorption  spectrum  for  benzene  between  220  and  280 
mu.  Here  is  plotted  the  per  cent  transmission  as  a  function  of  wavelength 
foi  the  sample  in  a  paraffin  solvent  which  does  not  absorb  radiation  in  this 
range  itself.  Structure  due  to  different  vibrational  transitions  accom¬ 
panying  the  change  in  electronic  state  is  clearly  visible.  Ordinarily,  for 
diatomic  molecules,  no  strict  general  rule  is  applicable  relative  to  changes 
in  the  vibrational  quantum  number  and  thus  many  transitions  are  possible. 
In  Fig.  18  the  allowable  transitions  are  shown  originating  with  the  lowest 
vibrational  level  since  at  the  lower  temperatures  the  probabilities  of  find¬ 
ing  the  higher  levels  excited  are  small. 

In  Section  I,  2,  it  was  stated  that  the  vibrational  and  rotational  motion 
of  a  molecule  may  be  considered  independently  of  the  electronic  states.  We 

may  then,  to  a  good  approximation,  express  the  total  energy  of  the  molecule 
as  the  sum  of  three  parts 
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Fig.  18.  Energy  level  diagram  and  allowable  transitions  between  vibrational 
energy  levels  associated  with  two  electronic  states. 


Fig.  19.  Ultraviolet  absorption  spectrum  for  benzene  in  a  paraffin  solvent. 
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(35) 

where  Ee  is  the  electronic  energy,  Ev  is  the  vibrational  energy,  and  Er  is  the 
rotational  energy.  In  a  transition  all  three  terms  on  the  right  hand  side  may 
change.  Let  us  consider  the  potential  energy  as  a  function  of  internuclear 
distance  for  a  diatomic  molecule.  This  we  see  in  Fig.  20  where  A  and  B  repie- 
sent  the  potential  energy  curves  for  the  ground  and  first  excited  electionic 
states  respectively.  The  minima  of  these  two  curves  will,  in  general,  not  occui 
at  the  same  value  of  internuclear  separation.  Only  the  ground  vibrational 
state  is  shown  for  A  since  the  transitions  observed  by  absorption  will  oiig- 


Fig.  20.  Potential  energy  curves  for  the  ground  state,  the  first  excited  state  and  a 
repulsive  state  of  a  diatomic  molecule. 


inate  there.  In  the  series  of  transitions  from  this  state  to  the  vibrational 
states  of  B  the  successive  separations  will  decrease  until  a  point  is  reached 
beyone  which  there  is  a  continuum  of  absorption  corresponding  to  transi¬ 
tions  to  points  on  the  diagram  above  the  dashed  line  which  is  the  asymptote 
for  B.  As  the  intensity  of  such  a  series  decreases  with  the  higher  vibrational 
levels  a  continuum  is  not  often  observed.  In  this  figure  C  represents  the 
potential  energy  for  an  unstable  or  repulsive  electronic  state.  Excitation  to 
such  a  state  results  in  immediate  dissociation. 

In  considering  the  intensities  of  the  various  vibrational  transitions  atten¬ 
dant  to  change  of  electronic  state  it  is  necessary  to  utilize  the  Franck-Con- 
on  piincip  e  (  8).  Ihis  states  that  an  electronic  transition  in  a  molecule 
takes  place  in  such  a  short  time  that  the  positions  and  velocities  of  the  nuclei 
are  not  appreciably  altered.  In  other  words,  in  a  diagram  such  as  Fig.  20  the 
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transition  is  always  vertically  up,  so  that  the  internuclear  distance  after 
excitation  is  the  same  as  before.  The  manner  in  which  this  will  affect  the 
transition  probabilities  may  be  seen  Irom  Fig.  21.  Here  are  shown  two  poten¬ 
tial  energy  curves  in  a  case  where  the  minima  occur  at  different  values  of  in- 


tei nuclear  separation.  In  this  figure  the  curves  for  the  probability  densitv 
distribution  or  T  1  unctions  (see  Section  I,  2)  for  the  various  vibrational 
states  are  shown  with  their  corresponding  energy  levels.  The  vibrational 
quantum  number  for  the  ground  state  is  designated  as  y11,  and  for  the  excited 
state  as  y1.  For  the  ground  state,  y1!,  =  0,  the  most  probable  value  of  the 


Fig.  21.  Potential  energy  curves  and  probability  distribution  functions  illustrat¬ 
ing  the  Franck-Condon  principle. 


internuclear  separation  at  the  time  of  excitation  will  be  that  lor  which  T  is  at 
a  maximum.  Hence,  the  most  likely  transition  will  be  along  the  dashed  line. 
The  probability  of  transition  to  one  of  the  upper  excited  states  depends 
upon  the  value  of  *&)  for  that  state  in  the  immediate  vicinity  of  the 
dashed  line.  For  vl  =  0  we  note  that  ^(y1)  is  small  so  that  the  intensity  oi 
that  transition  is  small.  The  transition  to  y1  =  1  will  be  greater,  and  to  v 
=  2  it  will  be  greater  yet.  In  this  presentation  we  have  indicated  that  the 
probability  depends  upon  the  value  of  ¥(yl)  on  the  dashed  line.  Actually  m 
the  mathematical  formulation  of  this  principle  it  will  depend  upon  the 
value  of  the  integral  J  *(!>“)  dr.  The  value  of  this  integral  is  a  measu 
of  the  overlap  of  the  ^  functions  for  the  two  electronic  states. 
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In  the  consideration  of  polyatomic  molecules  these  general  considerations 
hold  true.  A  quantum  description  of  the  electronic  states  is  possible  in 
terms  of  the  orbital  angular  momentum  and  spin  quantum  numbers  of  the 
binding  electrons  (38,  39).  This  approach  is  very  complicated  and  entirely 
outside  the  scope  of  the  present  chapter.  For  that  reason  we  shall  in  the 
remaining  material  present  an  account  of  a  semiempirical  theory  which  has 
had  considerable  success  in  correlating  results  for  different  compounds. 
This  theory  has  recently  been  reviewed  by  Lewis  and  Calvin  (40). 


3.  ABSORPTION  DUE  TO  SPECIFIC  GROUPS;  CHROMOPHORES 

In  an  empirical  examination  of  a  large  number  of  compounds  in  the  spec¬ 
tral  range  under  discussion  it  is  found  that  some  classes  will  absorb  whereas 
others  will  not.  As  examples  of  the  absorbing  compounds,  it  is  found  that 
benzene  and  its  derivatives  will  absorb  in  the  region  between  250  and  290 
m/x  and  that  the  ketones  will  absorb  between  200  and  300  m/x.  The  paraffins 
and  the  alcohols  are  examples  of  classes  that  do  not  absorb  in  this  region. 
The  absorption  of  any  one  class  is  found  to  be  due  to  a  specific  group  com¬ 
mon  to  all  members;  these  are  called  chromophores  and  generally  involve 
unsaturation.  A  number  of  them  with  the  approximate  centers  of  the 
absorption  bands  for  which  they  are  responsible  may  be  seen  in  Table  V. 

The  wavelength  values  of  Table  V  cannot  be  regarded  as  exact.  For  one 
thing  the  absorption  band  due  to  the  chromophore  will  generally  be  broad 
and  possessed  of  structure  as  may  be  seen  in  Fig.  19.  Furthermore,  the  cen¬ 
ter  of  the  band  will  move  about  as  one  progresses  through  a  homologous 
series  of  compounds.  The  wavelengths  shown  for  the  naphthalene  and  an¬ 
thracene  skeletons  refer  to  the  longest  wavelength  bands  observable  as 
these  groups  will  also  show  absorption  in  the  benzene  ring  region.  When 
two  of  these  chromophores  occur  conjugated  or  adjacent  in  the  same  mole¬ 
cule  it  effectively  creates  a  new  chromophore  with  different  absorption 
bands.  This  will  be  discussed  in  more  detail  later. 

Some  chromophores  not  shown  in  Table  Y  give  rise  to  absorption  further 
out  in  the  ultraviolet.  The  absorption  may  not  be  of  a  band  nature  but  rather 
as  a  continuum  beyond  a  certain  onset  region.  Thus  for  compounds  contain¬ 
ing  the  hydroxyl  group  absorption  starts  in  the  neighborhood  of  190  mu. 

aterials  possessing  the  olefin  group  have  been  studied  by  E.  P  Carr  and 
her  assocate  (41,  42,  43,  44)  and  they  show  heavy  absorption  below  about 

compounds8  «  Varying  “"drably  between 

Here  in  contrast  to  th  “  ‘  “a  ^  by  the  Spectra  for  several  olefins, 
e  e,  in  contrast  to  the  previous  figures,  the  intensity  of  absorption  rather 

than  per  cent  transmission  is  plotted  as  a  function  of  frequency  Thl  arLs! 

from  the  nature  of  light  absorption,  which  obeys  Beer’s  kw  given  by 

I  = 


(36) 
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where  /  is  the  intensity  of  the  transmitted  light,  70  the  intensity  of  the  inci¬ 
dent  light,  a  is  a  constant  called  the  extinction  coefficient,  c  is  the  concen¬ 
tration  of  the  material  in  the  absorption  cell,  and  l  is  the  thickness  of  the 
absorption  cell.  The  term  optical  density  is  often  used.  This  is  represented 
by  D  where  D  =  log  (70/ 7)  =  acl.  The  extinction  coefficient  will  depend  on 


TABLE  V 

Chromophoric  Groups  and  Wavelengths 


Group 

A 

V 


Wavelength  in  m/x 


265 


311 


C=0 

-N=N- 

O 

/ 

— N 

O 

— S— H 


O 


— O— N 


% 


O 


475 

280 

350 

366 

228 

302 


the  material  under  examination  and  the  wavelength  of  the  observation  and 
it  is  a  measure  of  the  intensity  of  absorption.  It  is  seen  from  thefiguie  tha^ 
for  the  simpler  olefins  the  onset  of  absorption  occurs  at  about  5200°  cm 
(192  mil)  whereas  for  the  heavier  ones  it  occurs  at.  about  4b(XX>  c  .  ( 

L)  This  low  wavelength  range  is  known  as  the  Schumann  region  and  here 
the  optics  must  be  of  fluorite  because  of  the  transmission  limits  o  quarfe 
Since  cyclohexane  and  ethane  do  not  show  absorption  below  about  o  000 
“  U75  up.)  (45)  we  may  assume  that,  insofar  as  the  saturated  carbon- 
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carbon  linkage  may  be  regarded  as  a  chromophore,  it  produces  no  absorp¬ 
tion  in  the  region  of  interest  to  us. 

4.  ELECTRONIC  OSCILLATIONS,  CONJUGATION 

In  the  empirical  theory  due  to  Will,  Stieglitz,  Lewis,  Galvin,  and  otheis 
the  absorption  of  light  by  chromophores  is  ascribed  to  elect  ionic  oscilla¬ 
tions  within  these  groups.  These  oscillations  are  not  defined  in  a  detailed 
sense  but  they  are  believed  to  be  closely  associated  with  the  elect  ionic 
resonance  forms  wherein  there  is  a  charge  transfer.  1  hus,  in  benzene  it  is 
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Fig.  22.  Ultraviolet  absorption  spectra  for  a  series  of  olefins  (from  reference  43). 

believed  that  the  absorption  is  due  to  oscillation  between  resonance  forms 
of  the  type 


rather  than  the  Ivekule  forms.  The  frequency  of  the  absorption  bands  and 
hence  of  electronic  oscillations  is  related  to  the  effective  restraints  to  dis¬ 
placement  and  vibration  in  the  same  manner  that  the  frequency  of  a  classi¬ 
cal  oscillator  is  related  to  its  force  constant.  In  this  respect  Lewis  and  Calvin 
(40)  have  considered  the  series  of  chromophores  C=C,  C=N,  C=0,  N — N 
and  C  S.  With  the  known  data  for  these  and  reasonable  assumptions  con¬ 
cerning  the  absorption  for  those  not  observed  they  have  formulated  the 
potential  energy  curves  seen  in  Fig.  23.  Here  the  potential  energy  for  the 
resonance  electrons  is  plotted  as  a  function  of  displacement  from  equilib¬ 
rium.  1  hese  curves  are  not  meant  to  convey  the  same  exact  physical  mean- 
mg  as  pie\  i°usl\  presented  ones  but  to  illustrate  the  increase  of  strain  in  the 
double  bond  in  passing  through  the  series  from  C=C  to  C=S. 

When  a  dipole  moment  is  induced  in  a  molecule  the  net  charge  displace- 
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ment  may  be  regarded  as  due  to  a  single  electron  moving  a  distance  x 
fiom  its  equilibrium  position.  This  produces  a  dipole  moment  P  given  by 
P  —  ex  where  e  is  the  charge  of  the  electron.  The  relation  between  P  and  the 
applied  field  is  P  =  aE  where  a  is  the  polarizability.  The  force  on  the  elec¬ 
tron  v  ill  be  eE,  and  this  will  be  related  to  x  by  eE  =  kx  where  k  is  the  force 
constant.  From  these  relations  the  equation 

k  =  e2/a  (37) 

may  easily  be  derived.  Since  the  force  constant  is  a  measure  of  the  steepness 
of  the  associated  potential  energy  curve  it  is  evident  that,  insofar  as  they 
are  correct,  the  curves  of  Fig.  23  show  increasing  polarizability  of  the  bonds 
in  passing  through  the  series  from  C=C  to  C=S. 


o - *-x 


Fig.  23.  Potential  energy  curves  for  electronic  displacements  in  a  series  of  chromo- 
phores  (from  reference  40). 

In  general,  when  two  chromophoric  groups  are  conjugated,  an  oscillation 
of  lower  frequency  than  is  characteristic  of  either  one  results.  For  example, 
1 ,3-butadiene  containing  two  conjugated  C=C  bonds  has  an  onset  of  ab¬ 
sorption  at  about  230  mM,  which  is  in  contrast  to  the  onset  of  absorption  for 
ethylene  which  occurs  at  about  196  mM.  Such  a  displacement  to  longer  wave¬ 
lengths  may  be  predicted  by  our  simple  theory.  We  may  now  consider  the 
oscillating  electrons  in  the  conjugated  chromophores  to  be  coupled  and 
oscillating  in  phase  so  that  the  entire  oscillation  may  he  regarded  as  that  ol 
a  charged  element  of  mass  nm  where  n  is  the  number  of  conjugated  chromo- 
nhores  and  m  is  the  mass  of  one  electron.  In  such  a  system  the  electrons  will 
he  displaced  the  same  amount  in  each  individual  oscillator  and  the  effects  e 
force  constant  for  the  entire  oscillator  is  the  same  as  used  before,  lhe  ire- 
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quency  of  an  oscillator  in  terms  of  mass  of  oscillating  element  and  force 
constant  was  given  in  equation  6.  It  is 

2-irvo  =  \f^~  or  X2  =  (2tt cf(m/k)n  (38) 

y  nm 

for  the  case  at  hand.  Thus,  a  plot  of  the  wavelength  of  the  absorption  maxi¬ 
mum  vs.  number  of  conjugated  chromophores  for  a  series  wherein  this  num¬ 
ber  successively  increases  should  yield  a  stright  line  plot.  Experimental 


Fig.  24.  Absorption  spectra  of  a  series  of  diphenylpolyenes  (from  reference  40). 


verification  of  this  may  be  seen  in  Figs.  24  and  25.  These  data  are  for  a  series 
of  diphenylpolyenes  of  the  general  form 


\_y(— ch=ch)„— 


l  he  extinction  coefficient  as  a  function  of  wave  numbers  is  plotted  in  Fig.  24 
for  a  series  of  these  compounds  for  n  between  1  and  7.  It  is  to  be  observed 
that  the  general  nature  of  the  bands  is  maintained  throughout  the  series.  In 
Fig.  25  is  plotted  X2  X  106  for  the  first  maximum  (lowest  frequency)  vs.  n. 
As  may  be  seen,  the  fit  to  a  straight  line  is  very  good.  A  similar  treatment 
lor  data  obtained  for  the  cyanine  dyes  (46,  47)  has  been  carried  out  (40)  and 
a  good  fit  to  a  straight  line  obtained. 

When  two  chromophores  are  connected  through  a  CH2  group  it  may  act  as 
a  block  or  insulator  to  the  conjugation.  For  example,  1 ,4-pentadiene  with 

hihite  1  h°ntn  °n  C=f-C-C=C  does  not  show  the  absorption  ex- 
bited  by  the  conjugated  diolefins  but  rather  that  of  a  monoolefin.  A  fur- 

resultsaforPlhri  rS  ^ may  be  866,1  in  Fi«'  2C’  which  gives  the 

for  three  diazo  dyes  in  which  the  resonating  system  comprises  the 
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two  phenyl  rings  joined  through  the  two  nitrogen  atoms  (48).  The  data  for 
the  two  resonating  systems  conjugated  may  he  seen  in  curve  1  whereas  data 


Fig.  25.  Plot  of  X2  vs.  n  for  a  series  of  diphenylpolyenes  (from  reference  40). 


Fig.  26.  Absorption  spectra  for  three 
and  insulation  (from  reference  48). 
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diazo  dyes  illustrating  effects  of  conjugation 


for  the  case  of  two  resonating  systems  with  CH2  insulation  between  them  is 
presented  in  curve  3.  Curve  2  represents  the  case  where  the  two  systems  are 
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cumulative,  i.e.,  where  they  share  a  central  group.  It  is  to  be  noted  that  both 
the  cumulative  attachment  and  the  case  of  conjugation  result  m  absorption 
at  longer  wavelengths  compared  to  the  case  of  insulation.  rl  he  data  lor  the 
latter  is  very  similar  to  that  obtained  for  a  molecule  containing  but  a  single 
resonating  system. 


5.  FURTHER  DETAILS 

A  very  interesting  application  of  the  relation  between  frequencies  of  ab¬ 
sorption  bands  and  conjugation  of  chromophores  is  in  the  study  of  sterie 


O-’-s-O 


o-*vo 


3. 


C?3 


Fig.  27.  Absorption  spectra  for  stilbenes  showing  the  effects  of  sterie  hindrance 
(from  reference  40). 


hindrance.  If  two  chromophores  are  conjugated  and  together  possess  absorp¬ 
tion  bands  at  longer  wavelengths  than  each  does  individually  it  is  expected 
that  the  groups  essential  to  the  resonance  will  be  coplanar  (49).  If  some  of 
the  substituent  groups  sterically  hinder  this  coplanarity  it  is  observable  in 
the  absoiption  data.  I  his  is  illustrated  in  Fig.  27,  which  gives  the  absorp¬ 
tion  spectra  for  stilbene,  monomethylstilbene,  and  dimethylstilbene.  It  is  to 
be  observed  that  curve  1  shows  absorption  at  the  lowest  frequencies  (longest 
wavelengths)  indicating  uninhibited  conjugation  or  coplanarity  of  the 
phenyl  rings.  Curve  2  shows  some  effects  of  sterie  hindrance  to  resonance  as 
the  absorbing  frequencies  are  shifted  to  higher  values,  and  curve  3  shows 
strong  hindrance  to  resonance.  This  hindrance  to  coplanarity  is  the  result 
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of  the  repulsion  due  to  the  methyl  groups.  Such  observations  as  these  are 
v  ei y  valuable  in  the  determination  of  substitution  in  compounds  of 
unknown  structure. 

Up  to  this  point  we  have  considered  the  absorption  bands  appearing  at 
longer  wavelengths  due  to  conjugation.  These  are  almost  always  accom¬ 
panied  by  bands  in  the  short  wavelength  regions.  These  are  ascribed  to  par¬ 
tial  oscillation  of  the  chromophores,  i.e.,  oscillations  in  which  they  are  in¬ 
dependent  of  each  other.  Not  much  is  known  on  this  point  although  it  is 
fairly  clear  that  in  progressing  to  the  shorter  wavelengths  the  absorption 
spectra  appear  more  and  more  to  be  characteristic  of  the  individual  chromo¬ 
phores.  Another  point  on  which  it  is  possible  to  make  only  qualitative  pre¬ 
dictions  at  best  is  the  expected  behavior  when  two  unlike  chromophores  are 
conjugated.  In  general,  it  is  to  be  expected  that  the  frequency  of  absorption 
of  the  conjugated  resonators  will  be  governed  by  their  individual  behavior. 
Thus,  in  progressing  through  the  series  where  one  of  the  groups  is  progres¬ 
sively  C=C,  C=N,  C=0,  and  N=N,  it  is  expected  that  the  frequency  will 
progressively  decrease.  An  example  of  this  behavior  may  be  seen  from  a 
comparison  of  three  compounds 

H  H  II  H  H  H 

II  II  J  ii 

H,C=C — C=CHo,  H2C=C — C=0,  and  0=C — C=0 


which  have  absorption  maxima  at  220,  350,  and  460  m/x,  respectively. 

In  the  earlier  material  we  saw  that  the  observed  bands  in  the  ultraviolet 
are  the  result  of  transitions  involving  changes  in  both  the  electronic  state 
and  the  vibrational  modes.  Each  broad  absorption  band  is  due  to  a  transition 
between  two  electronic  states  whereas  the  detailed  structure  within  the 
band  is  due  to  the  accompanying  vibrational  transitions.  rlhe  intensities 
of  the  latter  will  be  governed  by  the  Franck-Condon  principle,  which  is  diffi¬ 
cult  to  apply  for  complicated  molecules.  Rather,  we  may  take  the  general 
rule  that  as  the  complexity  of  substitution  increases  in  a  homologous  series 
the  detailed  band  structure  decreases.  This  we  would  expect  from  a  con¬ 
sideration  of  the  effect  of  further  substitution  on  allowable  transitions.  It 
furnishes  a  greater  number  of  vibrational  modes  by  virtue  of  a  greater  num¬ 
ber  of  participating  nuclei.  The  large  number  of  transitions  may  then  pro¬ 
duce  a  blurring  of  the  band  structure  due  to  the  overlapping  of  individual 
transition  bands.  Figure  28  shows  the  progressively  decreasing  structure  for 
the  series:  p-cresol,  p-f-butylphcnol,  2,4-dU-butylphenol,  and  2,4,6-tn-i- 

butylphenol  (50).  ,  .  ,.  ,  .  , 

The  spectra  of  many  compounds  will  depend  upon  the  solvent  m  which 

the  material  is  examined.  For  example,  a  comparison  between  the  spectra  of 
phenol  in  a  paraffin  solution  and  the  spectra  in  an  ethanol  solution  shows 


Optical  propp:rtif.s  of  hydrocarbons 


16o 


that  in  the  latter  case  the  band  structure  is  greatly  blurred,  and  that  there 
is  a  shift  of  the  band  towards  the  red  (lower  frequencies).  These  effects  are 
not  understood  in  detail  but  it  is  assumed  that  they  are  the  results  of  dis¬ 
placements  of  the  upper  electronic  energy  levels  by  the  interaction  between 
the  polar  groups  of  the  polar  solvent  and  the  polar  forms  of  the  excited 
state.  Some  recent  work  on  substituted  phenols  (50)  has  shown  that  to 
produce  large  spectral  changes  it  is  necessary  that  the  alcohol  molecules 
come  in  close  proximity  to  the  hydroxyl  group  of  the  phenol.  This  was 
done  by  using  a  series  of  substituted  phenols  wherein  steric  hindrance  to  the 
approach  of  the  alcohol  molecules  to  the  hydroxyl  group  of  the  phenol  was 
achieved  by  using  phenols  possessing  ^-butyl  groups  on  both  ortho  positions. 


Fig.  28.  Ultraviolet  absorption  spectra 
complexity  of  substitution. 
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10  applications  ol  the  three  fields  of  infrared,  Raman,  and  ultraviolet 
spectroscopy  are  discussed  in  turn  in  this  chapter.  Greater  space  is  de- 
oted  to  infrared  than  to  the  others  since  it  has  in  general  provided  a  greater 
ange  ol  applications  and  since  certain  general  principles  are  discussed  which 
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also  apply  to  the  others.  For  a  discussion  of  the  fundamental  nature  of 
these  phenomena  the  reader  should  consult  Chapter  4.  As  was  done  in 
that  chapter,  the  absorption  frequencies  are  specified  in  terms  of  wave¬ 
lengths  and  wave  numbers  interchangeably. 

I.  Analysis  by  Infrared  Absorption 


1.  introduction 


As  was  discussed  in  the  preceding  Chapter,  the  manner  in  which  a 
compound  absorbs  in  the  infrared  region  is  determined  by  its  internal 
geometry  and  the  force  constants  of  the  valence  bonds.  Since  these  possess 
differences  for  unlike  species  the  spectra  of  different  compounds  will  not 
be  the  same.  It  is  these  differences  in  spectra  that  form  the  basis  of  in¬ 
frared  analytical  techniques.  If,  in  examining  a  series  of  compounds,  a 
wavelength  for  each  one  can  be  found  such  that  the  absorption  there  is 
stronger  for  it  than  for  any  of  the  others  it  is  highly  probable  that  an  analy¬ 
sis  by  infrared  of  a  multicomponent  mixture  of  these  compounds  will  be 
successful.  If  the  absorption  characteristics  of  the  individual  components 
are  known  then  it  is  possible  to  “unravel”  the  spectra  of  the  mixture  in 
terms  of  them.  By  virtue  of  their  uniqueness  the  spectra  of  the  individual 
molecules  are  often  referred  to  as  their  fingerprints. 

Most  compounds  ordinarily  encountered  obey  Beer’s  law  of  absorption 
which  may  be  written  as: 

///„  =  e~acl  or  D  =  log  h/I  =  acl  (1) 

where  /  and  I0  are  the  transmitted  and  incident  radiation  intensities  re¬ 
spectively,  a  is  the  extinction  coefficient  which  depends  upon  the  material 
and  the  wavelength,  D  is  known  as  the  optical  density,  c  is  the  concentra¬ 
tion  of  the  material,  and  l  is  the  thickness  of  the  absorption  cell.  Since  the 
calibration  work  and  actual  analytical  data  may  be  taken  using  the  same 
cell  thickness,  a  and  l  may  be  combined  into  a  single  constant  to  give: 


D  i  —  AijCj 

where  the  subscript  i  refers  to  data  taken  at  an  ith  wavelength  and  the 
subscript  j  refers  to  data  for  the  jth  compound.  In  a  mixture  the  optical 
density  is  linearly  additive  so  for  a  mixture  of,  say,  six  compounds  «e 

have : 

Ih  =  AM  +  AM  +  AaCs  +  AM  +  AM  +  AM  ® 

where  the  symbols  have  the  meanings  expressed  above.  If  data  were  taken 
It Z  separate  wavelengths  then  we  would  have  six  aerate  eq— 
such  as  (2)  If  the  A,/s  were  available  from  the  examinat  o  P 

compounds  these  six  equations  could  be  solved  for  the  C/s,  the  component 
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concentrations,  by  straightforward  algebraic  means.  This  outlines  in  es¬ 
sence  what  is  actually  done  to  make  a  quantitative  infiaied  analysis.  A 
number  of  wavelengths  equal  to  the  number  of  components  in  the  mixture 
are  chosen  so  that  at  each  the  absorption  is  dominated  by  one  compound 
only  and  so  that  each  compound  is  thus  represented.  The  pure  compounds 
are  examined  at  these  wavelengths  and  the  A  ,/s  evaluated.  Then  with  the 
Di  s  from  an  actual  sample  the  system  of  equations  are  solved  for  the  in¬ 
dividual  concentrations.  Details  of  these  procedures  will  be  given  below. 


2.  MULTICOMPONENT  GAS  ANALYSIS 

In  this  section  we  shall  discuss  the  analysis  of  mixtures  of  gases  which 
obey  Beer’s  law  and  shall  treat  those  that  do  not,  due  to  pressure  broad¬ 
ening,  in  a  separate  section.  In  the  attempt  to  analyze  a  system  of  gases  it 
is  generally  inadvisable  to  work  on  systems  containing  too  many  com¬ 
ponents.  In  recent  years  the  analysis  of  mixtures  of  the  seven  common  C4 
hydrocarbons  has  been  developed  to  a  high  state  of  perfection  (1).  How¬ 
ever,  as  the  number  of  components  becomes  larger  the  chances  of  finding 
suitable  wavelengths  becomes  less  due  to  the  overlapping  of  bands  and 
also  the  algebra  necessary  to  solve  the  simultaneous  algebraic  equations 
becomes  cumbersome.  In  such  cases  it  is  desirable  to  separate  the  material 
into  cuts  by  means  of  fractional  distillation  and  to  analyze  these  separately. 

The  spectral  region  currently  of  greatest  usefulness  for  hydrocarbon 
systems  lies  between  about  7  and  15/x.  Rock  salt  optics  are  suitable  here 
and  there  are  available  at  present  several  commercial  instruments  which 
are  excellently  designed  for  this  work.  In  obtaining  the  data  it  is  necessary 
to  measure  the  transmitted  energy  and  the  incident  energy  at  each  wave¬ 
length  used.  If  the  spectrometer  is  equipped  with  a  vacuum  thermocouple 
a  galvanometer  with  a  sensitivity  of  about  .05/i  V./mm.  may  be  connected 
directly  to  it  or  be  used  as  a  null  indicating  device  in  an  electrical  network 
wherein  the  thermocouple  voltage  is  bucked  out  (2).  A  diagram  of  the 
optics  of  a  spectrometer  for  such  work  may  be  seen  in  Fig.  1  of  Chapter  4 
Here  the  wavelength  at  which  measurements  are  being  taken  is  controlled 
y  e  ange  of  rotation  of  the  mirror  behind  the  prism.  A  mechanical 
coupling  is  used  between  this  mirror  and  an  external  vernier  which  allows 

“cutting  6  Ca'ibrated  fOT  the  WaVeleD8th  °bSCTVed  “  a 

The  transmitted  energy  I  is  measured  with  the  absorption  cell  in  the 
energy  /  */  is/  “  "f  ^  gaS  b°ing  To  obtai/the  in^n 

entire  ce  1  In  th  I  «al'y  T™  the  gaS  fl'0m  the  cel1  or  to  remove  ‘he 

1  re  cell.  In  the  latter  case  the  absorption  cell  may  be  reolaoed  Kv  ^ 
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region  is  kept  free  of  absorbing  vapors  such  as  C02  and  H20.  If  either  of  the 
latter  two  methods  of  determining  /o  are  used  the  correct  ratio  (/<>//)  for 
use  in  equation  (1)  is  not  obtained  directly  due  to  the  absorption  and  re¬ 
flection  by  the  absorption  cell  windows.  To  obtain  the  true  ratio,  the  ratio 
obtained  directly  as  above  must  be  divided  by  the  (/o//)  ratio  determined 
with  the  absorption  cell  evacuated  or  filled  with  nonabsorbing  gas. 

a.  Calibration.  In  preparing  for  a  specific  quantitative  analysis  it  is  of 
course  necessary  to  know  what  compounds  are  present.  This  information 
may  be  known  from  the  chemistry  of  the  process  from  whence  the  sample 
originated  or  it  may  be  determined  from  the  spectrum  of  the  sample  it¬ 
self.  In  the  latter  instance  the  spectrum  is  compared  to  the  spectra  of  known, 


pure  compounds  until  all  the  compounds  present  in  appreciable  quantity 
are  identified.  With  this  knowledge  the  spectra  of  the  compounds  known  to 
be  present  are  examined  to  select  a  set  of  wavelengths  suitable  for  the 
analysis.  For  this  it  is  convenient  although  not  necessary  to  have  the 
spectra  all  plotted  on  the  same  figure.  This  then  allows  an  immediate  visua 
selection.  An  example  of  this  may  be  seen  in  Fig.  1  where  the  data  or 
three  of  the  C4  hydrocarbons  are  plotted.  The  arrows  indicate  suitab  c 
wavelengths  to  be  at  those  points  at  which  the  absorption  is  domina  ec 

by  the  one  compound  only.  .  ,  ,  tl 

'  The  values  of  /  an<I  h  obtained  as  above  will  not  in  genera1  be  exac  y 

true.  The  measured  energy  will  have  a  minor  component  which  is  due  to 
scattered  light  within  the  monochromator.  Tins  scattered  light  will  be 
otto  wavelengths  than  the  one  for  which  the  instrument  is  set  and  hence 
will  not  lie  attenuated  by  the  sample  in  the  same  manner.  For  accur ate  lesu  s 
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it  is  necessary  to  determine  the  intensity  of  the  scattered  hght  at  the  diffe 
ent  wavelengths  used  and  to  correct  for  it.  This  is  done  by  subtracting  1 
value  from  both  /  and  Io  before  forming  the  ratio.  The  scattered  hght  in¬ 
tensity  may  be  readily  determined  by  the  method  of  total  absorbers.  In 
this  a  compound  is  chosen  which  has  strong  absorption  at  the  wavelengt 
for  which  the  scattered  light  intensity  is  desired.  A  large  concentration  of 
it  is  used  to  attain  total  absorption  and  the  resulting  weak  I  is  measured  in 
the  vicinity  of  this  wavelength.  If  the  measured  I  is  essentially  constant 
through  this  region  it  is  an  indication  that  it  is  due  entirely  to  scattered 
light  and  hence  a  direct  evaluation  is  achieved.  Special  filters  and  shutters 
may  be  used  to  reduce  this  correction  with  considerable  success  (1). 


Fig.  2.  Beer’s  law  plot  of  optical  density  vs.  pressure  for  butene-1  at  10.4  and  9. 3m- 


To  obtain  the  A  ,/s  of  equation  2,  the  calibration  coefficients,  requires 
that  each  of  the  gases  be  examined  in  pure  form  at  each  wavelength.  To 
be  certain  that  Beer’s  law  is  obeyed  for  each  it  is  necessary  that  every  gas 
be  examined  under  a  variety  of  pressures.  A  plot  of  optical  density  at  a 
paiticular  wavelength  as  a  function  of  pressure  not  only  will  indicate  this 
but  serve  as  a  means  of  obtaining  A{j  through  use  of  the  slope.  If  Beer’s 
law  is  obeyed  the  plot  will  be  a  straight  line,  whereas  if  it  is  not  a  curve 
will  generally  result  which  is  fairly  linear  in  the  low  pressure  region  and 
concave  towards  the  pressure  axis  for  higher  pressures.  For  precision  of 
analyses  it  is  necessary  that  the  calibration  coefficients  be  carefully  de¬ 
termined  with  optimum  accuracy.  In  Fig.  2  may  be  seen  such  calibration 
curves  for  butene-1  at  wavelengths  10.4  and  9.3M. 

6  Specific  Examples.  One  of  the  most  important  applications  of  infrared 
analysis  of  gaseous  hydrocarbon  systems  has  been  in  the  analysis  for  the 
seven  t  4  isomers;  n-butane,  isobutane,  butene-1,  isobutylene,  m-butene-2 
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trans- butene-2,  and  1 ,3-butadiene.  If  the  process  is  one  such  that  only  C4’s 
are  involved  the  gas  mixtures  may  be  analyzed  directly.  For  more  compli¬ 
cated^  systems  containing  material  of  higher  and  lower  molecular  weight 
the  CYs  are  removed  as  a  cut  from  a  fractional  distillation.  At  present 
there  is  no  other  method  that  can  compete  with  the  infrared  for  this  par¬ 
ticular  analysis  in  regard  to  accuracy  of  results  and  time  per  sample.  A 
complex  mixture  containing  all  seven  compounds  may  be  analyzed  with 


TABLE  I 


Wavelength  Values  and  Calibration  Coefficients  for  Infrared 
Analysis  of  Mixture  of  C4  Gases 


Wavelength 

U) 

cts-Butene-2 

w- Butane 

Isobutylene 

Imns-Butene- 

2 

Butene-l 

Isobutane 

Butadiene 

14.5 

4.64 

0.28 

0.06 

0.23 

0.28 

0.03 

0.18 

13.4 

0.17 

1.08 

0.04 

0.05 

0.20 

0.02 

0.14 

11.4 

0.41 

0.04 

9.31 

0.32 

2.16 

0.03 

7.62 

10.4 

4.74 

2.15 

0.22 

17.0 

3.08 

0.05 

3.41 

9.2 

0.37 

0.09 

0.62 

1.08 

1.40 

0.03 

0.94 

8.5 

0.16 

0.07 

0.08 

0.34 

0.41 

3.21 

0.02 

6.2 

0.46 

0.21 

0.81 

0.39 

0.28 

0.08 

9.72 

TABLE  II 

Results  of  a  Typical  Infrared  Analysis  of  a  Synthetic 
Blend  of  C4  Hydrocarbons 


Compound 

Synthetic  % 

Calculated  % 

%  Difference 

rt  -Rnt  n.rifi  . 

19.7 

19.1 

-0.6 

TonHiitanp  . 

10.4 

10.6 

+0.2 

Riifpnp-1  . 

19.8 

20.4 

+0.6 

Toobntvlpnp  . 

16.8 

16.9 

+0.1 

14.8 

14.6 

-0.2 

trsim  o-Ttllt.P‘nfi-2  . 

18.5 

18.3 

-0.2 

Rntnrlipnp  . 

0.0 

0.1 

+0.1 

- - - 

an  average  error  of  only  a  few  tenths  per  cent  of  total  sample  in  a  total 
operator-time  of  about  forty  minutes  or  perhaps  less  in  special  cases.  Above 
in  Table  I  are  given  the  values  of  a  suitable  set  of  wavelengths  for  this 
analysis  and  the  values  of  the  A  a’ s  of  each  compound  for  each  wavelength. 
Due  to  variations  in  slit  widths  used,  cell  lengths,  and  in  resolving  povei 
these  data  are  peculiar  to  the  instrument  on  which  determined  and  can¬ 
not  be  used  with  a  different  one.  These  data  were  obtained  with  a  cel 
length  of  9.5  cm.  and  units  of  pressure  equal  to  100  cm.  of  mercury. 

It  is  observed  in  the  table  that  each  row  of  the  At/s  is  dominated  by  a 
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particular  compound  and  that  each  compound  dominates  but  one  row. 
For  example  the  first  gas,  m-butene-2,  has  the  greatest  value  of  A{j  in 
first  row;  the  second  gas,  n-butane,  has  the  greatest  value  of  An  in  the 
second  row,  etc.  This  satisfies  the  discrimination  necessary  for  best  results. 
In  Table  II  may  be  seen  the  results  obtained  for  a  typical  synthetic  mix¬ 
ture  in  which  the  gases  were  blended  together  under  controlled  conditions 
so  that  the  concentration  of  each  was  accurately  known.  The  mixture 
was  then  analyzed  under  the  same  routine  conditions  as  used  in  the  day-to- 
day  analyses.  It  may  be  seen  that  the  average  error  for  each  sample  is  only 
a  few  tenths  per  cent  of  total  sample. 

Any  mixture  containing  fewer  of  the  seven  C4  hydrocarbons  may  of 
course  be  analyzed  with  even  greater  ease.  In  general  the  method  may  be 


TABLE  III 


Results  of  Infrared  Analyses  of  Two  Typical  Synthetic  Mixtures  of 

C3,  C4,  and  C8  Paraffins 


Compound 

Synthetic  % 

Calculated  % 

Propane . 

53.6 

52.9 

n-Butane . 

12.2 

12.6 

Isobutane . 

16.3 

16.6 

Isopentane . 

17.9 

17.9 

Propane . 

23.3 

23.4 

n-Butane . 

29.1 

29.1 

Isobutane . 

17.2 

17.3 

Isopentane . 

30.4 

30.2 

%  Difference 


-0.7 

+0.4 

+0.3 

0.0 

+0.1 

0.0 

+0.1 

-0.2 


applied  to  any  system  which  does  not  contain  too  many  components  and 
in  which  the  compounds  present  obey  Beer’s  law.  An  example  of  a  further 
application  over  a  greater  molecular  weight  range  but  with  a  smaller  num¬ 
ber  of  components  is  the  system  of  propane,  n-butane,  isobutane,  and  iso¬ 
pentane.  Excellent  accuracy  is  attainable  as  can  be  appraised  from  Table 

II,  which  gives  the  results  of  analyses  of  two  typical  mixtures  under  routine 
conditions. 


A  recent  application  of  interest  has  been  the  control  of  plant  operations 
by  the  analyses  of  mult.component  C6  mixtures  (3).  As  many  as  eight  of 
he  C,  compounds  were  considered.  These  were  n-pentane,  isopentane 
t-pentene  Cis  and  <™«s-2-pentene,  3-methyU-butene,  2-methyl-l  butene’ 
and  2-methyl- 2-pen tene.  Due  to  the  difficulties  of  holding  such  volatile 
compounds  m  a  hqmd  cel,  the  analyses  were  carried  out  on  gains  m^ 

c.  Preparation  of  Synthetic  Mixtures.  Although  the  gases  contained  in  a 
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mixture  may  all  obey  Beer’s  law  at  all  of  the  wavelengths  used  for  an 
analysis  the  accuracy  to  be  relied  on  may  best  be  assayed  from  actual 
tests  on  mixtures  of  known  compositions.  Since  the  spectroscopic  method 
often  is  more  accurate  than  other  types  of  analyses  such  as  fractional  dis¬ 
tillation,  it  is  necessary  to  blend  such  mixtures  synthetically.  Since  the 
inherent  accuracy  of  the  analytical  method  is  high  the  blends  themselves 
must  be  prepared  with  care. 

The  preparation  of  gas  mixtures  of  accurately  known  compositions  is 
more  involved  than  has  often  been  recognized.  Corrections  for  temperature 
changes  and  gas  law  deviations  must  be  made  and  the  components  must 
be  thoroughly  mixed.  Langer  (4)  has  described  a  blending  system  wherein 
the  pressure  of  each  component  is  measured  separately  in  a  constant 
volume  and  then  completely  transferred  to  a  storage  chamber.  Mixing  is 
done  in  this  case  by  repeated  expansions  and  compressions  of  the  gas 
through  a  porous  disk.  This  method  eliminates  pressure  corrections  due 
to  gas  law  deviations  as  the  partial  pressures  are  those  read  on  the  gases 
while  in  the  separate  volume. 


3.  ANALYSIS  FOR  GASES  NOT  OBEYING  BEER’S  LAW 

A  number  of  the  light  gases  such  as  CO,  C02,  CH4,  C2H4,  and  C2H2  do  not 
obey  Beer’s  law  of  absorption.  This  is  due  to  the  phenomenon  of  pressure 
broadening  wherein  the  optical  density  evidenced  by  a  gas  is  dependent 
not  only  on  its  own  partial  pressure  but  also  on  the  partial  pressure  of  the 
other  gases  with  which  it  may  be  mixed  (5).  As  these  gases  possess  low 
moments  of  inertia  they  have  rotational  fine  structure  of  relatively  wide 
spacing  between  lines.  The  type  of  instrument  ordinarily  used  for  analytical 
work,  however,  does  not  have  sufficient  resolution  to  show  these  lines  and 
the  measured  optical  density  is  necessarily  the  result  of  an  integration  over 
a  number  of  them.  With  increasing  pressure  these  individuals  lines  broaden 
in  a  nonlinear  manner  and  the  measured  optical  density  is  therefore  not 
linear  with  the  partial  pressure  of  the  absorbing  gas.  The  broadening  is 
due  to  the  decrease  of  the  time  between  collisions  and  hence  is  dependent 

on  the  pressure  of  the  nonabsorbing  gases  (G,  7,  8). 

In  Fig.  3  may  be  seen  the  optical  density  plotted  against  pressure  01 
methane  in  the  absence  of  any  foreign  gas.  It  is  to  be  observed  that  t  10 
curve  possesses  a  considerable  curvature  in  contrast  to  those  seen  in  T.g.  2 
where  Beer’s  law  was  obeyed.  The  dependence  on  foreign  gas  concentra¬ 
tion  may  be  seen  in  Fig.  4  where  the  optical  density  for  a  constant  par 
pressure  of  methane  is  plotted  as  a  function  of  the  pressure  of  the  - 
absorbing  foreign  gases.  Without  the  pressure  broadening  effect  the  opt  c 
density  would  have  been  constant  whereas  we  see  here  a  veiy  large 
crease  With  increase  of  foreign  gas  pressure.  These  results  suggest  that,  .1 
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the  factors  responsible  for  the  pressure  broadening  can  be  eithei  cot  ecte 
for  or  maintained  under  controlled  conditions,  accurate  analyses  are  pos¬ 
sible  One  method  of  doing  this  has  been  to  construct  empirical  calibration 


Fig.  3.  Optical  density  vs.  pressure  plot  for  methane  at  7.65n.  The  curvature  of  the 
plot  indicates  that  Beer’s  law  of  absorption  is  not  obeyed  (from  reference  2). 


0  470-, 

A  -  7  65  JJL 


of  V8  PreSSUre  pl0t  f0r  a COn8tal,t  ,)artial  1,re88ure 


curves  for  the  gases  to  be  analyzed  (2).  These  are  constructed  from  gas 
blends  in  which  the  absorbing  gas  is  mixed  in  varying  concentrations  with 
he  foreign  gases  to  1*  expected  in  the  application  of  the  method.  All  such 
blends  arc  examined  under  the  same  pressure  which  is  the  pressure  used 
in  examining  the  unknown  samples.  The  resulting  calibration  curves  are 
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of  the  same  general  shape  as  the  one  in  Fig.  3.  Variations  of  this  procedure 
w herein  the  apparent  absorption  coefficients  are  corrected  for  have  recently 
been  reported  (9,  10).  In  Table  IV  may  be  seen  some  results  of  analysis 
of  synthetic  samples  which  gives  an  idea  of  the  accuracy  possible.  These 
results  are  for  the  analyses  in  which  the  method  was  applied  to  the  deter¬ 
mination  for  CII4  in  hydrogen  rich  gases  encountered  in  hydroforming 
operations,  and  to  the  determination  of  CO,  CO2  and  SO2  in  flue  gases  from 
catalytic  cracking  units  and  burn-off  gases  from  catalyst  regeneration. 

The  successful  application  of  this  method  depends  upon  the  composition 
of  the  nonabsorbing  portion  of  the  mixture.  In  Fig.  4  it  was  seen  that  02, 


TABLE  IV 

Accuracy  Tests  on  Synthetic  Samples  Containing  Gases  Not  Obeying  Beer’s 

Law  of  Absorption  (from  Reference  2) 


Compound 

Synthetic  % 

Calculated  % 

%  Difference 

Methane . 

14.5 

14.7 

+0.2 

Methane . 

'6.00 

6.05 

+0.05 

Methane . 

0.83 

0.85 

+0.02 

Carbon  dioxide . 

6.7 

6.9 

+0.2 

Carbon  monoxide . 

9.4 

9.5 

+0.1 

Sulfur  dioxide . 

1.4 

1.4 

0.0 

Carbon  dioxide . 

1.7 

1.9 

+0.2 

Carbon  monoxide . 

3.4 

3.1 

-0.3 

Sulfur  dioxide . 

0.6 

0.6 

0.0 

N2,  and  H2  had  the  same  effect  on  the  methane  absorption.  This  was  a 
fortuitous  case  and  in  general  the  effect  due  to  unlike  foreign  gases  will  be 
different  (8).  As  the  complexity  of  the  foreign  gas  molecules  increases  due 
to  increased  number  of  component  atoms  the  effect  on  the  optical  density 
of  the  absorbing  g*£  will  become  larger.  This  is  only  a  trend  however  and 
it  is  not  possible  to  accurately  predict  the  influence  of  various  gases  without 

experimental  data. 


4.  ANALYSIS  OF  LIQUID  MIXTURES 

The  analysis  of  liquid  mixtures  follows  the  same  general  pattern  as 
given  in  2a,"i.e.  a  selection  of  wavelengths  is  made  from  the  spectra  of  pure 
compounds,  the  calibration  coefficients  are  obtained,  and  data  are  take 
at  the  same  wavelengths  for  the  samples  of  unknown  composition.  The 
techntques'are,  however,  quite  different  and  it  is  ordinarily  more  difficult 
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to  obtain  high  precision  of  results  in  liquid  analysis  than  in  gas  analysis. 
Due  to  the  high  concentration  of  absorbing  centers  liquids  aie  eithei 
examined  in  very  thin  cells,  of  the  order  of  0.006-inch  thick  or  in  solution. 
The  fabrication  of  such  cells  will  be  briefly  described  later.  Since  any  solvent 
is  itself  a  compound  it  will  possess  absorption  in  certain  portions  of  the 
spectrum.  However,  for  particular  regions  it  is  possible  to  select  solvents 
which  are  very  transparent.  Carbon  tetrachloride  is  a  very  good  solvent 
for  the  region  2-6/t,  carbon  disulfide  is  quite  suitable  from  about  7  to  about 
15/i,  and  cyclohexane  is  suitable  from  about  12.3  to  about  15/z.  Other 
solvents  and  their  regions  of  usefulness  have  been  listed  elsewhere  (11). 
In  some  cases  the  solvents  are  so  transparent  that  cells  up  to  several  cm. 
in  length  may  be  used,  allowing  the  determination  of  very  minute  con¬ 
centrations  of  solute. 

a.  Correction  for  Cell  Absorption.  When  I  and  U  are  determined  for  a 
liquid  in  a  cell  there  is,  in  addition  to  the  absorption  due  to  the  liquid,  an 
attenuation  of  the  radiation  due  to  absorption  by  the  windows  and  to  reflec¬ 
tion  from  the  cell  windows  and  from  the  interfaces  between  the  windows 
and  the  liquid.  This  may  be  reduced  but  not  eliminated  by  using  a  blank 
of  the  window  material  in  the  light  path  when  T0  is  measured.  This  attenua¬ 
tion  term  enters  into  the  absorption  equation  as: 

i/h  =  <f (3) 

where  k  is  the  cell  attenuation  factor.  Methods  of  determining  k  based  on 
using  cells  of  controllable  thickness  have  been  developed  (12),  but  for 
wide  spread  semiroutine  usage  it  is  doubtful  if  they  are  desirable.  A  true 
value  for  70  cannot  be  obtained  with  an  empty  cell  due  to  changes  in  reflec¬ 
tion  conditions.  Fortunately,  it  is  possible  for  manjr  applications  to  elim¬ 
inate  k  from  the  equations  without  explicitly  evaluating  it.  Consider  the 
optical  density  at  Xx  for  a  cell  filled  with  the  first  of  the  pure  compounds 
used  for  calibration.  Then : 


Lh  ~  AnCx  -f-  k  (4) 

where  Dx  is  the  measured  optical  density,  Au  is  the  true  calibration  coeffi¬ 
cient  (with  cell  length  absorbed),  and  C\  is  the  concentration  of  the  first 
compound.  Since  in  this  case  Ci  =  1 .00  we  have : 


A  ii  =  Du  —  k 

Let  us  nowr  consider  a  ternary  mixture.  Then  for  Ai  we  have: 

Di  =  AnCi  +  AnC-i  +  AnC3  +  k 


(5) 


(6) 


where  O,  is  the  observed  optical  density  for  the  mixture.  If  now  we  sub¬ 
stitute  the  results  of  equation  (5)  and  similar  results  for  the  other  true 
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calibration  coefficients  in  equation  (6)  we  obtain : 

A  =  D\\C\  +  A2A  +  D\zCz  —  (Ci  +  C2  +  Cf)k  +  k  (7) 
However,  since  A  +  C2  +  C3  =  1 .00  we  have : 


A  —  AiA  -f-  A2A  +  A3  A 


(8) 


It  is  obvious  that  we  will  have  similar  equations  for  the  other  wavelengths 
wherein  the  observed  optical  densities  for  the  cell  filled  with  the  pure  com¬ 
pounds  enter  in  the  equations  just  as  did  the  true  calibration  coefficients  in 
equation  (2).  We  thus  obtain  a  set  of  equations  that  may  be  solved  by  the 
general  algebraic  methods  used  for  gas  analysis  and  which  will  be  discussed 
in  more  detail  later.  The  above  equations  and  methods  apply  when  the 
same  absorption  cell  is  used  for  both  calibration  and  analysis.  It  is  clear 
that  the  A,  and  k  values  will  depend  upon  the  individual  cells.  Since  these 
calibration  coefficients  are  thus  partially  dependent  upon  the  cell  condition 
it  is  desirable  to  calibrate  frequently.  Due  to  the  difficulty  of  reproducing 


absorbing  conditions  exactly  in  so  thin  a  sheath  of  liquid,  methods  which 
attempt  to  obtain  “absolute”  calibration  coefficients  must  be  carefully 
evaluated.  The  same  general  method  of  using  total  absorbers  to  obtain 
the  scattered  radiation  corrections  as  described  above  may  be  used  for 
liquid  analysis  work. 

b.  Examples  of  Specific  Analyses.  In  the  field  of  hydrocarbon  chemistry 
one  of  the  most  important  applications  of  this  technique  is  in  the  analysis 
for  the  individual  isomers  through  the  gasoline  range.  Of  course  a  gross 
mixture  like  a  gasoline  cannot  be  analyzed  directly  but  must  be  distilled 
into  cuts.  If  it  is  only  desired  to  obtain  information  about  the  paraffins 
present  the  olefins  may  be  removed  before  or  after  the  fractionation.  For 
convenience  and  ease  of  analysis  it  is  desirable  that  these  cuts  be  fairly 
narrow  and  if  possible  not  contain  more  than  about  five  components. 
This  latter  is  not  a  binding  restriction,  however,  and  mixtures  with  as 

many  as  ten  components  have  been  analyzed. 

Unless  the  chemical  history  of  the  material  plus  a  knowledge  ot  t  he  boiling 
point  ranges  make  possible  a  reliable  prediction  of  the  compounds  to  be 
found  in  the  cuts  it  is  desirable  that  the  spectrum  for  each  be  obtained. 
This  allows  the  absorption  bands  to  be  identified  in  terms  ol  the  compounds 
present  and  it  will  show  up  materials  not  suspected  of  being  present.  When 
ft  is  known  what  compounds  are  present  the  wavelengths  for  ana  ysis  may 
be  selected  and  the  calibration  coefficients  determined.  In  all  of  this  «  o  1 

suitable  points  for  analysis. 
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In  appraising  the  accuracy  and  suitability  of  an  analytical  technique 
there  is  no  method  that  can  compete  with  that  of  directly  comparing  t  c 
results  of  an  analysis  with  the  known  composition  of  a  sample  as  blende  . 
Furthermore,  any  technique  is  necessarily  open  to  some  suspicion  am  can¬ 
not  be  regarded  as  foolproof  unless  it  can  successfully  meet  such  a  test. 
In  comparison  to  the  preparation  of  gas  blends,  liquid  mixtures  are  easy 
to  prepare.  This  may  be  done  by  volume,  using  graduated  pipettes.  The 
sample  should  always  be  shaken  to  achieve  thorough  mixing  and  care  must 
be  used  with  relatively  volatile  liquids  that  excessive  evaporation  does  not 


materially  alter  the  blended  composition.  In  Table  V  may  be  seen  the 
comparison  between  synthetic  and  analyzed  compositions  for  a  variety  of 
paraffin  mixtures. 

1  lie  samples  1  epor ted  in  Table  A  were  both  blended  and  analyzed  under 
routine  conditions.  Further  accuracy  is  obtainable  but  generally  at  the 
expense  of  greater  care.  If  the  calibration  data  is  on  hand  a  four-  or  five- 
component  analysis  may  be  carried  out  in  less  than  1  hour.  It  is  to  be  re¬ 
membered  that  quantitative  analyses  such  as  these  require  that  the  pure 
compounds  be  available  for  calibration.  Without  them,  qualitative  analysis 
aJ^  P°sslble  lf  published  spectra  for  the  compounds  present  are  avail- 
ab  e.  1  his  is  done  by  comparing  the  absorption  bands  shown  by  the  sample 
with  published  absorption  spectra.  In  Table  V  the  results  were  all  for 
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systems  of  paraffins.  However,  the  method  can  be  extended  to  olefins  and 
other  unsaturated  compounds  when  they  become  available  for  calibration. 


TABLE  V 


Comparison  Between  Blended  and  Analyzed  Composition 
of  Paraffin  Mixtures 


Compound 

Synthetic  % 

Calculated  % 

%  Difference 

2,3,3-Trimethylpentane . 

50.0 

49.2 

-0.8 

2,3,4-Trimethylpentane . 

50.0 

50.8 

+0.8 

n-Heptane . 

22.2 

21.8 

-0.4 

Methylcyclohexane . 

27.8 

27.8 

0.0 

Methylcyclopentane . 

50.0 

50.4 

+0.4 

2,3-Dimethylhexane . 

33.3 

33.1 

-0.2 

2,3,3-Trimethylpentane . 

33.3 

33.4 

+0.1 

2,3,4-Trimethylpentane . 

33.4 

33.5 

+0.1 

2, 5-Dimethylhexane . 

22.2 

21.5 

-0.7 

2,4-Dimethylhexane . 

22.2 

22.5 

+0.3 

2,3,4-Trimethylpentane . 

22.2 

22.8 

+0.6 

2, 3, 3-Trimethylpentane . 

11.2 

11.3 

+0.1 

2,2,3-Trimethylpentane . 

22.2 

21.9 

-0.3 

TABLE  VI 

Results  for  Separate  Analyses  for  Ten  Components  of  a  Paraffin  Mixture 

(from  Reference  13) 


Compound 

Synthetic 

% 

Analyzed 

% 

Analyzed 

% 

Analyzed 

% 

Analyzed 

% 

Average 
error  % 

2.3.4- Trimethylpentane . 

2,2-Dimethylpentane . 

2, 2, 3 -Trimethyl  butane . 

2. 2- Dimethylpentane . 

3-Ethylpentane . 

2.4- Dimethylpentane . 

3 . 3- Dimethylpentane . 

3-Methylhexane . 

2-Methylhexane . 

n-Heptane . 

20.0 

18.8 

20.2 

0.0 

1.0 

20.0 

0.0 

0.0 

0.0 

20.0 

20.0 

19.4 

21.0 

-0.7 

1.0 

19.6 

0.4 

0.1 

0.0 

20.0 

19.6 

19.2 

20.2 
-0.4 

1.0 

20.0 

0.1 

-0.1 

0.3 

20.1 

19.7 
19.5 

20.8 
-0.2 

1.1 

19.9 

0.0 

-0.3 

0.0 

19.5 

20.1 

19.4 

20.4 
0.0 

1.0 

19.7 

-0.3 

-0.4 

-0.3 

20.2 

0.2 

0.6 

0.3 

0.3 

0.0 

0.2 

0.2 

0.2 

0.2 

0.2 

An  idea  of  the  reproducibility  of  these  methods  may  be  obtained  from 
Table  VI,  which  shows  a  comparison  between  the  known  composition  anil 

four  separate  analyses  for  ten  possible  components.  ... 

c.  Analyses  Based  on  Recorded  Spectra.  In  the  examples  described  so 
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far  the  calculations  were  based  on  data  in  which  /  and  h  were  both  meas¬ 
ured.  In  many  recording  systems  the  spectra  are  recorded  as  total  eneigy 
transmitted  as  in  Fig.  5.  For  accurate  work  it  is  not  particulaily  convenient 
to  attempt  to  evaluate  Io/I  for  these  as  it  means  a  separate  run  to  detei- 
mine  the  variation  of  To  with  wavelength.  However,  it  has  been  found  pos¬ 
sible  to  analyze  a  number  of  systems  from  data  which  are  taken  from  the 
recorded  spectra  and  in  which  there  is  a  change  of  depth  of  certain  bands 
with  change  of  concentration.  In  Fig.  6  may  be  seen  the  method  due  to 
Wright  (18)  of  forming  a  ratio  between  measurements  between  successive 
maxima  and  minima  in  the  spectra.  This  ratio  is  evaluated  for  a  number 
of  synthetic  mixtures  and  plotted  to  produce  an  empirical  calibration 


curve.  A  similar  method  has  been  used  to  construct  an  empirical  curve  for 

octene-1  in  octene-2;  it  was  used  in  some  studies  of  rubber  (19)  This  is 
seen  in  Fig.  10. 


A  method  of  computing  optical  densities  to  be  used  in  simultaneous 
equations  such  as  equation  (2)  wherein  effective  values  of  /  and  h  are 
read  from  the  recorded  spectra  has  recently  been  described  (20).  In  this 
t  le  spectral  curve  is  extrapolated  across  a  band  to  get  an  effective  /„  It 

components.  SUCCeSS^U*  *»  — s  of  paraffins  containing  up  to  til 


O.  ANALYSES  WITH  THE  USE  OF  A  SOLVENT 

Earlier  it  was  remarked  that  analyses  could  be  carried  out  with  I  he 
sample  in  solution  in  solvents  which  were  themselves  transparent  £ 
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spectral  region  used.  With  this  method  both  liquid  and  solid  samples  may 
be  handled,  provided  of  course  that  the  latter  are  soluble.  In  this  case  it  is 
possible  to  actually  eliminate  the  cell  attenuation  factor  from  the  measure¬ 
ments  by  measuring  /0  with  the  cell  filled  with  the  solvent.  Log  U/ 1  then 
gives  a  true  value  for  AC,  where  A  is  the  calibration  coefficient  incorporat¬ 
ing  the  cell  thickness  and  C  is  the  concentration  of  the  absorbing  material 
in  the  solvent  expressed  in  volume  per  cent,  in  weight  per  cent,  or  in  grams 
per  liter,  etc. 

In  addition  to  being  able  to  analyze  mixtures  of  solid  materials  there 
are  other  advantages  to  working  with  solutions.  Many  compounds  such 


Fig  7  Infrared  analysis  method  for  octene-1  in  octene-2  based  on  change  of  band 
depths  in  recorded  spectra  (from  reference  19). 


as  the  oxygenated  ones  and  some  of  the  unsaturated  hydrocarbons  absorb 
very  stronglv  and  it  is  difficult  to  fabricate  absorption  cells  which  are  thin 
enough  to  give  suitable  absorption  values  For  most  accurate  work  •  e 
per  cent  absorption  for  a  band  should  be  between  2o  and  50%  (  )• 

obtain  absorption  values  in  this  range  for  many  materials  in  pure  » 
require  the  use  of  cells  allowing  a  sample  thickness  ot  the  orde,  o  0.001 
inch  or  less.  These  are  generally  more  difficult  and  expensive  to  fabricate 
than  those  of  greater  thickness,  and  there  is  often  a  serious  problem 
ooftimr  the  sample  in  and  out  of  the  cell. 
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interest  to  many  and  we  shall  use  an  analysis  of  these  as  an  example  of  the 
method  (15).  In  Fig.  8  may  be  seen  the  spectra  of  the  o,  m,  and  p- cieso  s 
and  of  phenol.  Here  the  per  cent  absorption  is  plotted  as  a  function  of 
wavenumbers  for  several  different  concentrations  in  carbon  disulfide.  It  is 
dear  to  see  that  in  the  right  hand  portion  of  the  figure  three  wavelengths, 
one  for  each  of  the  cresols,  are  available  for  analytical  work.  In  the  case  of 
phenol,  the  lowest  spectrum  in  the  figure,  a  heavy  vertical  line  indicates 
a  wavelength  suitable  for  use.  The  concentrations  here  are  by  weight. 

In  comparison  to  the  paraffin  mixtures  discussed  in  Section  4,  I,  systems 
of  the  oxygenated  compounds  involve  more  difficulties  to  achieve  the  same 


Fig.  8.  Absorption  spectra  for  phenol  and  the  various  cresols.  The  bands  suitable 
for  analytical  work  are  designated  by  dark  lines  drawn  vertically  through  their  cen¬ 
ters  (from  reference  15). 


degree  of  accuracy.  When  the  optical  density  is  plotted  vs.  concentration  for 
various  compounds  and  wavelengths  it  is  often  found  that  there  is  a  de¬ 
viation  from  a  straight  line  Beer’s  law  plot.  This  may  necessitate  a  final 
determination  of  the  component  concentrations  by  graphical  methods. 
If  the  compound,  such  as  one  of  the  highly  substituted  phenols,  is  solid  at 
loom  temperature,  there  may  be  danger  of  cross  contamination  of  samples 
occurring  in  the  absorption  cell.  This  may  occur  if  the  absorption  cell  is 
cleaned  by  flushing  with  solvent,  with  subsequent  vacuum  removal.  When 
the  solvent  evaporates,  what  remains  of  the  solute  may  crystallize  out  re¬ 
maining  in  the  cell.  At  present  a  number  of  unknown  factors,  among 

which  is  molecular  association,  apparently  are  effective  in  limiting  the 
accuracy. 

With  a  technique  that  may  yield  average  errors  for  paraffin  mixtures  of 
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onlj  a  few  tenths  per  cent  of  the  total  sample,  the  errors  for  mixtures  of 
oxygenated  compounds  may  be  of  the  order  of  1%.  This  accuracy  is,  how¬ 
ever,  very  good  for  many  cases,  and  in  view  of  its  speed  and  the  number  of 
components  that  may  be  determined  simultaneously  there  are  hardly  any 
other  competing  methods.  In  addition  to  the  four  component  system  of 
Fig.  8  the  method  will  satisfactorily  analyze  mixtures  of  the  heavier  phenols 
such  as  the  mono  and  di-f-butylcresols,  meta  and  para.  It  may  also  be  used 
on  mixtures  of  alcohols  and  ketones.  In  working  with  the  light  alcohols, 
care  must  be  taken  to  avoid  change  of  the  samples’  composition  through 
excessive  evaporation.  As  is  well  known,  the  relatively  high  boiling  points  of 
the  alcohols,  as  compared  to  other  classes  of  compounds,  are  due  to  hydro¬ 
gen  bonding  forces  between  the  molecules.  As  these  are  short  range  forces 
due  to  the  dipoles  of  the  hydroxyl  groups,  they  are  not  operative  in  dilute 
solutions  where  the  average  distance  between  solute  molecules  is  many 
times  that  for  the  pure  form.  Therefore,  the  tendency  of  the  alcohol  mole¬ 
cules  to  escape  is  relatively  greater.  To  achieve  reproducible  results  a  def¬ 
inite  time  sequence  between  time  of  dilution  and  of  analysis  must  be  fol¬ 
lowed  for  both  calibration  and  unknown  samples. 

b.  Analysis  Using  the  C-H  Band  Structure.  In  an  instrument  of  ordinary 
resolution  equipped  with  a  NaCl  prism  the  vibrational  stretching  fre¬ 
quencies  of  the  C-H  valence  bonds  are  not  fully  resolved.  Generally  a  single 
band  is  observed  and  in  some  cases  a  slight  amount  of  structure.  Using  an 
instrument  of  considerably  higher  resolution  Fox  and  Martin  (1G)  showed 
a  large  amount  of  structure  in  these  bands  and  also  obtained  a  correlation 
between  them  and  the  type  of  groups  present  in  hydrocarbons.  They  cor¬ 
related  certain  frequencies  with  the  various  types  of  C-H  groups: 


=CH2,  =C— H,  ^C— H,  ^CH2,  and  — CH3 

The  availability  of  prisms  of  synthetic  LiF  of  high  quality  now  makes  it, 
possible  to  obtain  this  structure  on  instruments  used  for  analytical  work. 
In  Fig.  9  may  be  seen  the  overall  C-H  band  with  its  structure  obtained  foi 
n-octane  with  such  an  instrument.  A  further  example  may  be  seen  in  Fig. 
10  which  shows  the  spectra  of  the  three  compounds:  benzyl  alcohol,  n- 
octanol,  and  methyl  ethyl  ketone.  It  is  obvious  that  these  C-H  structures 
offer  further  absorption  bands  for  analytical  uses.  In  fact  use  has  bee 
made  of  them  for  special  analyses  (17)  and  in  Fig.  10  the  arrows  indicate  the 
wavelengths  used  for  analyses  of  mixtures  of  the  three  compounds  shown. 
As  the  maximum  number  of  discrete  bands  obtainable  in  this  legion 
limited  the  method  cannot  be  used  for  mixtures  containing  a  large  num  e 
of  components.  However,  for  a  number  of  special  analyses  it  is  very  con¬ 
venient  and  offers  better  accuracy  than  the  longer  wavelength  region.  1 10m 
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Fig.  9.  Band  structure  for  C-H  groups  found  in  n-octane.  Spectrum  obtained  with 
a  LiF  prism. 
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Table  VII  may  be  obtained  an  idea  of  the  variety  of 
well  as  the  accuracy. 


systems  handled 


as 
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6.  COMPUTATIONAL  METHODS 

I  rom  the  preceding  material  we  know  that  in  general  the  analysis  of  an 
n-component  system  involves  solving  the  n  simultaneous  linear  equations: 

TABLE  VII 


Results  for  Analysis  of  Mixtures  using  Structure  of  C — H  Band  Resolved 

by  a  LiF  Prism  (from  Reference  17) 


Compound 

Synthetic  % 

Calculated  % 

%  Difference 

2,4,4-Trimethyl-l-pentene . 

50.0 

50.4 

+0.4 

2,4,4-Trimethyl-2-pentene . 

50.0 

49.6 

-0.4 

« -Octane . 

20.0 

18.9 

-1.1 

Octene-2 . 

30.0 

31.0 

+  1.0 

Octene-1 . 

50.0 

50.1 

+0.1 

n-Heptane . 

75.0 

75.1 

+0.1 

Benzene . . 

25.0 

24.9 

-0.1 

n-Octanol . 

30.0 

30.3 

+0.3 

Methyl  ethyl  ketone . 

30.0 

29.4 

-0.6 

Benzyl  alcohol . 

40.0 

40.3 

+0.3 

Carbitol . . . 

47.4 

47.1 

-0.3 

n- Octane . 

18.0 

17.6 

-0.4 

Octene-2 . 

34.6 

35.3 

+0.7 

Methylcyclohexane . 

25.0 

24.6 

-0.4 

Methyl  ethyl  ketone 

Toluene . 

35.0 

40.0 

34.  i 

40.7 

—  U .  O 

+0.7 

Methyl  alcohol 

Ethyl  alcohol . 

51.6 

48.4 

52.0 

48.0 

+0.4 

-0.4 

Di  =  AnC\  +  AnC<2.  +  AnCi  +  •  •  •  A\nCn 

Di  =  AziCi  +  A22C2  "I"  A 23^3  “f"  •  •  •  A 2nC n 
Dn  =  AnlCl  +  An2C2  +  An3  C3  +  •  •  •  AnnCn 


(7) 


Anyone  who  has  attempted  to  solve  such  a  set,  where  n  is  greater  than  3,  by 
the  process  of  elimination  or  the  use  of  determinants  knows  that  the  wot 
is  tedious  and  lengthy.  Methods  of  obtaining  the  solutions  m  short  tim 
are  now  available  and  without  them  the  current  wide-spread  usage  of  m 
,-ed  would  be  limited.  Electrical  network  methods  of  solving  such ^  set- 
equations  have  been  developed  and  are  now  in  fairly  extensive  use  (21, 
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22).  In  these  the  analogies  between  the  terms  of  equations  7  and  resistance, 

current,  and  voltage  are  used.  ,  , 

We  shall  now  present  a  method  of  obtaining  the  solutions  based  on  a  de¬ 
velopment  by  Grout  (23).  This  method  is  one  which  allows  all  the  operations 
to  be  carried  out  on  a  modern  calculating  machine.  Let  us  return  to  equa¬ 
tions  7.  We  note  that  here  the  D/  s  are  expressed  as  linear  functions  of  the 

C/s.  If  the  determinant  of  the  .4,/s  is  not  equal  to  zero,  which  is  the  case 

when  wavelengths  are  chosen  as  of  above,  we  may  in  general  solve  these 
equations  to  obtain  the  C/s  as  linear  functions  ot  the  D/  s.  1  he  coefficients 
will  now  be  linear  functions  of  the  A</s  and  we  shall  have  the  set  of  equa¬ 
tions: 

Ci  =  H\\D\  -j-  Bi2D2  -(-  6i3D3  “h  •  •  •  B\nDn 

C2  =  BnDi  +  B22Do  +  623D3  +  .  . .  B2nDn  (8) 


Cn  =  BnlDl  -f-  B„oDo  -f-  BnzD'i  +  •  •  •  BnnDn 


The  problem  therefore  is  to  obtain  the  .6,/s  as  functions  of  the  A,/s.  With 
these  and  the  experimental  values  of  the  D/s  for  a  particular  sample  the 
concentrations  of  the  individual  components  may  be  rapidly  evaluated 
using  equations  8. 

To  illustrate  the  method  we  shall  consider  a  set  of  five  simultaneous 
equations,  i.e.,  n  =  o.  With  the  4,-/s  we  formulate  an  initial  matrix  which 
is: 


An 

d-12 

dl3 

A 14 

A 15 

1000 

0  4 

m 

.4-21 

A  22 

d-23 

d24 

4.25 

0  10  0 

0  4 

211 

An 

An 

.4  33 

d34 

4  35 

00  10 

0  4 

311 

=  (4) 

d  51 

An 

An 

-4  54 

4  56 

0000 

1  4 

511 

in  the  last  column  is  the  sum  of  all 

the 

terms  to 

the  left 

ow. 

From 

this 

initial 

matrix 

an 

intermediate 

matrix 

,  is: 

Hu 

Hn 

H\3 

H 14 

Hu 

Hu 

0  0 

0 

0 

Hin 

I{21 

Ho  2 

H2i 

H2i 

Ho*, 

H26 

T/27  0 

0 

0 

H2n 

H  3i 

H$2 

Hn 

Hu 

Hi  5 

Hie 

H 37  Hi 8 

0 

0 

Hni 

=  (77) 

H&1 

h52 

Hn 

Hu 

#55 

D56 

7/57  7/58 

7759 

77510 

77511 

The  rules  for  deriving  (H)  from  (A)  are  as  follows: 

(a)  The  first  column  of  (ff)  is  the  same  as  the  first  column  of  (A)  For 
example,  Hn  =  d3V  v  1  L 
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(b)  Each  term  with  the  exception  of  the  first  in  the  first  row  of  (II)  is  equal 
to  the  corresponding  term  of  (A)  divided  by  the  first  term  in  this  row.  For 
example,  Hu  =  (Au/An). 

(c)  Each  diagonal  term  (as  underlined)  of  ( H ),  and  each  term  below  and 
to  the  left  of  the  diagonal  is  equal  to  the  corresponding  term  in  (A)  minus 
the  product  of  the  first  term  in  the  same  row  and  the  first  term  in  the  same 
column  of  (. H ),  minus  the  product  of  the  second  term  in  the  same  row  and 
the  second  term  of  the  same  column  of  ( H ),  etc.,  until  no  more  such  prod¬ 
ucts  are  possible. 

(d)  Each  term  of  (H)  that  lies  above  and  to  the  right  of  the  diagonal  is 
obtained  in  the  same  manner  as  the  diagonal  terms  except  that  the  number 
so  obtained  is  divided  by  the  diagonal  term  in  the  same  row  as  the  term 
being  computed.  For  example: 

TT  d45  -  (#4l)(#l«)  -  (#42)(#2B)  -  (#43)0/35) 

M  45  —  - 77 - 

n  44 

(e)  As  each  row  in  ( H )  is  completed  the  accuracy  should  be  checked.  This 
is  done  by  summing  the  terms  which  are  to  the  right  of  the  diagonal  and  to 
left  of  the  last  term  of  the  row.  Each  such  summation  should  be  equal  to 
the  last  term  of  its  row  minus  unit.  Departures  from  this  which  are  compati¬ 
ble  with  the  number  of  decimals  carried  in  the  computations  are  allowable. 

The  s  which  are  desired  for  equations  8  are  derived  as  the  matrix: 

#11  #12  #13  #14  #15 

#21 -  -  -  #25  =  (#) 


#51 -  -  -  #55 


To  derive  (#)  from  (H)  the  following  procedure  is  followed: 

(a)  The  matrix  (H)  is  modified  to  give  (#).  The  matrix  (H)  is  exactly  the 
same  as  (H)  except  it  has  one  less  column,  the  last  one  of  (H). 

(b)  The  last  row  of  (#)  is  the  same  as  the  last  five  terms  of  the  last  row 

of  (#).  For  example: 

B51  =  #56,  #52  =  #57,  etC. 


(c)  All  columns  in  (B)  are  computed  from  the  bottom  up.  Each  term 
(except  those  in  the  last  row)  of  (B)  is  equal  to  the  correspondmg  term  in 
(H)  minus  the  product  of  the  first  term  to  the  right  of  the  di agonal  in  the 
same  row  of  (ff)  and  the  first  term  of  (B)  just  below  the  one  being  do  er- 
mined  minus  the  product  of  the  second  term  to  the  right  of  the  diagona 
term  in  the  same  row  of  (R)  and  the  second  term  in  (B)  below  the  one  being 
determined,  etc.,  until  no  more  such  products  are  possi  .  ‘ 

£32  =  i/37  —  #34  #42  —  #35  #52- 
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(d)  Matrix  ( B)  should  be  checked  for  accuracy  by  matrix  multiplication.  A 
check  matrix  is  formed  in  which  each  term  is  equal  to  the  product  of  the 
first  term  in  the  same  row  of  (A)  and  the  first  term  of  the  same  column  of 
(B),  plus  the  product  of  the  second  term  in  the  same  row  of  (A)  and  the 
second  term  of  the  same  column  of  (B),  plus,  etc.  The  final  matrix  (B)  is 
correctly  derived  from  (A)  if  the  check  matrix  terms  have  the  value  of  unity 
for  all  diagonal  terms  and  zero  for  all  others.  Departures  from  these  values 
which  are  compatible  with  the  number  of  decimal  places  carried  in  the 
computations  are  allowable. 

This  method  is  a  very  good  one  if  the  calibration  coefficients  are  reliably 
constant  as  in  the  case  of  gas  analysis.  However,  for  liquid  analysis  this 
may  not  be  the  case  and  for  that  the  method  of  successive  approximations 
is  convenient.  For  this  we  refer  back  to  equations  7.  The  operations  are  as 
follows: 

(a)  In  the  first  equation  all  the  CYs  except  Ci  are  assumed  equal  to  zero 
and  then  Ci  is  solved  for  directly. 

(b)  From  (a)  the  value  of  C 1  is  put  in  the  second  equation,  all  the  CYs  ex¬ 
cept  Ci  and  C2  are  assumed  to  be  zero  and  C2  is  solved  for  directly. 

(c)  From  (a)  and  (b)  the  values  of  C\  and  C2  are  put  into  the  third  equa¬ 
tion,  all  other  CYs  except  C3  are  assumed  to  be  zero  and  C3  is  solved  for 
directly.  This  procedure  is  repeated  on  the  other  equations  in  a  similar 
manner  so  that  one  obtains  a  first  set  of  preliminary  values  for  the  CYs. 

(d)  All  of  the  preliminary  values  of  the  CYs  except  Ci  are  put  into  the 
first  equation  and  it  is  solved  for  a  new  Ci. 

(e)  With  the  new  value  of  C\  and  preliminary  values  for  the  others  except 
Co,  the  second  equation  is  solved  for  a  new  C2.  This  procedure  is  repeated 
on  the  remaining  equations  so  that  one  gets  an  entire  new  set  of  CYs. 

(f)  With  the  new  CYs  from  (e)  the  entire  procedure  is  repeated  to  give 
another  set  of  CYs.  The  procedure  is  repeated  a  sufficient  number  of  times 
until  the  CYs  show  small  change  between  cycles. 

Foi  the  matrix  method  and  the  method  of  successive  approximations 
to  give  good  results  it  is  important  that  the  wavelength  discrimination 
described  earlier  be  achieved.  That  is,  there  should  be  one  wavelength 
selected  for  each  compound  so  that  it  absorbs  with  more  intensity  there 
than  the  other  compounds  present.  This  corresponds  to  each  of  the  under- 

med  diagonal  terms  in  (A)  being  larger  than  all  other  At/s  in  the  same 
row  except  the  last  one. 


7.  FABRICATION  OF  ABSORPTION  CELLS 

vaHn,r°USh  SUltable  cel!s.for  Sas  and  liquid  work  are  available  from  the 
anous  companies  supplying  commercial  spectrometers,  it  frequently  is  0f 

great  advantage  for  a  laboratory  to  be  able  to  fabricate  its  own  celk  This 
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has  some  advantages  of  economy  and  allows  the  building  of  cells  for  special 
pm  poses.  Although  it  is  sometimes  desirable  to  use  cells  with  windows  of 
quartz,  AgC  1,  or  Cal  2,  the  material  of  greatest  general  utility  and  economy 
is  NaCl.  this  is  now  available  in  blanks  procured  from  synthetically  grown 
crystals.*  It  may  be  procured  with  the  cleavage  planes  at  random  angles 
to  the  faces  of  the  blank  or  with  the  cleavage  planes  parallel  to  the  faces. 
It  is  clear  and  of  excellent  quality.  With  the  procurement  of  these  latter 
blanks  they  may  be  easily  cleaved  to  produce  several  thinner  blanks  from 
the  same  starting  piece.  For  example,  a  blank  15-mm.  thick  and  50-mm. 
square  may  readily  be  cleaved  to  give  two  pieces  each  half  as  thick.  With 
care  each  of  these  can  be  further  cleaved  to  give  a  total  of  four  plates  from 
a  single  starting  blank. 

To  cleave  a  blank  one  simple  way  is  to  set  it  on  edge  and  to  draw  a  line 
on  the  opposite  edge,  parallel  to  the  sides  and  along  the  center  of  the  thick¬ 
ness.  A  well-sharpened  pocket  knife  can  then  be  used.  The  blade  is  laid  on 
the  line  and  given  several  brisk  taps  with  some  suitable  object.  This  will 
start  the  cleavage  which  may  be  observed  by  viewing  the  blank  at  an 
angle  so  as  to  make  the  resulting  interference  fringes  visible.  The  blank  may 
then  be  set  on  another  edge  and  the  cleavage  “followed  around”  by  tapping 
the  knife  with  its  edge  laid  on  the  top  edge  and  coincident  with  the  cleavage 
line.  Some  practice  for  this  is  required  but  it  is  easily  mastered. 

In  preparation  for  polishing  it  is  sufficient  to  work  the  faces  of  the  blanks 
down  on  about  three  or  four  successively  finer  grades  of  grinding  and 
polishing  paper  or  cloth.  The  last  one  should  be  very  fine  grade  such  as 
type  0000  as  used  for  metallurgical  polishing.  The  blank  may  then  be  given 
a  polish  to  a  high  degree  of  transparency  on  a  cloth  or  pitch  lap  (24).  A  suit¬ 
able  cloth  lap  may  be  made  by  stretching  a  piece  of  material  of  intermedi¬ 
ate  softness  such  as  linen  or  rayon  over  a  flat  metal  surface,  this  may  be 
lightly  covered  with  a  thin  layer  of  polishing  compound.!  Lubrication  is 
provided  by  wetting  the  lap  with  ethyl  alcohol.  The  plates  are  rubbed  with 
random  motions  on  this  lap  until  a  good  polish  is  achieved  and  then  given 
a  final  polishing  with  a  dry  cloth.  This  method  will  not  give  surfaces  which 
are  optically  flat  but  this  is  unnecessary  in  many  cells,  particularly  if  they 
are  in  the  optical  system  prior  to  the  entrance  slit  of  the  monochromator . 

In  Fig.  11  may  be  seen  the  construction  of  a  simple  absorption  cell  for 
gases.  The  butt  surfaces  here  on  the  glass  are  achieved  on  a  grinding  wheel. 
In  Fig.  12  may  be  seen  the  construction  of  a  simple  absorption  ce  oi 
liquids  (25).  In  general  construction  it  consists  of  two  salt  plates  separate 
by  an  amalgamated  lead  shim  and  equipped  with  needle  valves  for  filling 
and  flushing.  The  two  salt  plates  are  denoted  by  1  and  2,  the  sepaia  i  g 


*  Available  from  the  Harshaw  Chemical  Co.  Cleveland  Ohio 
|  Such  as  Buffing  Powder  A#  1  Fine,  from  Carborundum  Co.,  Niagara  alls,  JN . 
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Fig.  11.  Schematic  diagram  of  infrared  absorption  cell  for  gases. 


nooF!G'  l2{  Construction  diagram  of  infrared  absorption  cell  for  liquids  utilizing 
needle  valves  for  filling  (from  reference  25).  q  utilizing 

shim  by  3  and  the  cell  filling  unit  by  4.  This  latter  consists  of  a  stainless 
steel  piece  so  machined  as  to  constitute  the  seat  of  a  needle  valve  and  to 
provide  a  filling  tube  for  the  cell.  This  enters  a  hole  drilled  in  one  plate  as 
shown  and  connects  with  the  space  between  the  plates.  The  two  needles 
e  no  ie  same,  5  is  machined  so  that  there  is  a  tolerance  of  only  about 
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0.(X)02  inch  between  the  shank  of  the  needle  and  the  wall  of  the  hole  in  4 
leading  directly  to  the  valve  seat.  This  allows  5  to  act  as  a  plunger  when 
inseited,  thus  providing  pressure  to  force  viscous  fluids  into  the  absorption 
region.  Needle  10  has  its  corresponding  tolerance  much  larger  so  that  it 
will  not  build  up  a  back  pressure  when  screwed  down.  Units  4  and  7  to¬ 
gether  with  machine  screws  8  provide  pressure  on  the  salt  plates.  The 
pressure  is  transmitted  to  shim  3  to  provide  a  vapor-tight  seal.  Holes  for 
the  machines  screws  and  also  for  units  4  are  drilled  through  the  salt  plates 
using  an  ordinary  drill  press  with  kerosene  to  lubricate  the  drill. 

8.  FILTER  TYPE  INFRARED  ANALYZERS 

In  the  past  few  years  there  has  been  considerable  development  of  filter 
type  infrared  analyzers  for  the  continuous  recording  of  the  concentration  of 


Windows 


.3^ 


—  Radiation  Detector 


Sample  Cell 


Fig.  13.  Optical  diagram  of  filter  type,  continuous  flow,  infrared  gas  analyzer. 
(Courtesy  of  Baird  Associates,  Inc.) 

one  component  in  a  gas  stream  (26,  27,  28).  In  Fig.  13  may  be  seen  the 
optical  diagram  for  one  such  type  of  instrument.  It  consists  of  five  principal 
components:  a  radiation  source,  S;  three  absorption  cells,  F,  C,  and  the 
sample  cell;  and  radiation  detectors  in  a  bridge  network.  Light  from  the 
source  is  focussed  by  the  two  mirrors,  Mi  and  M2,  into  two  beams,  one  ot 
which  goes  through  the  sample  cell  and  the  filter  cell  F  and  the  other  goes 
through  the  sample  cell  and  the  comparison  cell  C.  They  then  tall  on  sep¬ 
arate  bolometer  elements  which  are  radiation  detectors  and  which  are 

arms  of  the  Wheatstone  bridge  arrangement. 

The  filter  cell  is  filled  with  the  absorbing  gas  it  is  desired  to  detect  and 
measure  in  the  flow  stream.  Therefore  at  those  wavelengths  at  which  this 
gas  absorbs  the  energy  will  be  essentially  all  removed  from  the  beam  and 
thus  the  corresponding  bolometer  arm  will  be  unaffected  by  variations  of 
that  gas  in  the  sample  cell.  If  the  comparison  cell  is  filled  with  a  nonabsor  v 
ing  gas  such  as  N,,  the  energy  received  by  the  corresponding  bolomete.  arm 
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at  the  same  wavelengths  will  vary  inversely  with  the  concentration  ol  the 
absorbing  gas  in  the  sample  cell.  Therefore,  a  variation  of  the  absorbing 
gas  in  the  sample  cell  will  produce  a  differential  variation  in  the  eneigy 
received  by  the  two  bolometers.  This  differential  is  suitably  amplified  and 


recorded. 

Let  us  suppose  that  a  second  absorbing  gas  is  present  in  the  sample  cell 
which  has  no  overlapping  of  absorption  bands  with  the  gas  in  the  filter  cell. 
Such  a  gas  will  reduce  the  energy  received  by  both  bolometers  equally  and 
hence  will  not  affect  the  bridge  balance  and  will  not  affect  the  determina¬ 
tion  of  the  gas  in  the  filter  cells.  Similar  considerations  apply  to  other 
absorbing  gases  which  might  be  present  and  whose  absorption  bands  do 
not  overlap  those  of  the  gas  in  the  filter  cell. 

The  system  is  therefore  suitable  for  selecting  only  one  of  several  gases 
with  nonoverlapping  absorption  bands  and  supplying  a  continuous  record 
which  may  be  quantitatively  interpreted  to  give  the  concentration  of  that 
gas  in  the  stream  flowing  through  the  sample  cell.  Although  the  nonover¬ 
lapping  of  bands  places  a  limitation  on  the  various  compositions  which 
the  instrument  may  analyze  the  fact  that  it  gives  a  continuous  record  of  a 
single  component,  unaffected  by  composition  changes  in  the  remainder  of 
the  stream  gas,  makes  it  very  valuable  for  many  particular  cases.  Some  of 
the  gases  for  which  such  an  instrument  may  successfully  perform  continu¬ 
ous  analysis  are  CH4,  CO,  C02,  S02,  C2H6,  etc. 


II.  Analysis  by'  Raman  Spectroscopy 

1.  INTRODUCTION 

In  Ghaptei  4  was  given  a  discussion  of  the  fundamentals  of  Raman  spec¬ 
troscopy.  When  a  molecular  substance  is  irradiated  with  monochromatic 
light  the  scattered  radiation  will  be  observed  to  possess  a  number  of  differ¬ 
ent  frequencies.  In  addition  to  the  light  scattered  without  change  of  fre¬ 
quency  (Rayleigh  scattering)  there  will  be  a  number  of  lines  of  lesser  in¬ 
tensity  which  are  displaced  in  frequency  from  the  exciting  line.  These  are  the 
Raman  lines  and  the  frequency  displacements  are  correlated  with  the  vi¬ 
brational  and  rotational  transitions  allowable  in  the  molecules  of  the  sample 
under  study.  In  analogy  to  the  infrared  spectra  each  species  of  molecule 
gives  rise  to  its  own  unique  pattern  of  Raman  lines.  It  is  this  uniqueness 
that  forms  the  basis  for  the  analytical  applications  of  Raman  spectroscopy. 
Except  in  the  case  of  molecular  interactions  such  as  hydrogen  bonding 

nosTtion  ef1r°Tf 61681  '***’  ^  Raman  spectrum  of  a  mixture  is  the  super* 
position  of  the  Raman  spectra  of  all  the  components.  The  intensity  of  each 

due  "  pi°portlol;al  t0  the  concentration  of  the  component  to  which  it  is 

general  ouXe0to°thatPP  HtiOntf  WOrk  is  therefore  similar  in 

8  me  t0  that  used  ln  mfrared  analysis.  Using  pure  compounds 
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Raman  lines  are  chosen  for  a  multicomponent  analysis  and  suitable  cali¬ 
bration  data  acquired.  W  ith  these  it  is  then  possible  to  operate  on  the  lines 
and  intensities  observed  for  a  mixture  and  to  compute  the  component  con¬ 
centrations.  Although  use  is  made  of  the  same  fundamental  processes,  i.e., 
vibrational  transitions,  the  technique  is  quite  different  from  infrared  work. 
Up  to  the  present  time  it  has  not  received  the  same  amount  of  attention 
and  has  not  reached  the  same  state  of  development  with  regard  to  simplicity 
and  ease  of  operations. 

In  absorption  spectroscopy  the  light  is  absorbed  in  an  exponential  proc¬ 
ess  so  that  the  small  concentrations  of  absorbing  material  may  often  be 
determined  with  great  accuracy.  On  the  other  hand,  these  methods  are 
not  particularly  accurate  in  determining  large  concentrations  where  heavy 
absorption  is  encountered.  In  contrast  to  this  behavior  Raman  spectros¬ 
copy  generally  is  good  for  determining  heavy  concentrations  accurately 
and  poor  for  detecting  small  concentrations,  i.e.,  of  the  order  of  1%  and 
less.  This  is  a  result  of  the  fact  that  the  intensity  of  the  scattered  light 
is  essentially  linearly  dependent  on  the  concentration  of  the  scattering 
molecules. 

Infrared,  ultraviolet,  and  Raman  spectra  are  complementary  in  a  num¬ 
ber  of  ways,  and  with  future  developments  it  will  become  more  evident  as 
to  where  each  is  used  with  greatest  advantage.  As  commercial  equipment 
for  Raman  work  is  not  so  readily  available  at  present  as  for  infrared  and 
ultraviolet  we  shall  discuss  the  experimental  technique  in  somewhat  greater 
detail. 


2.  EXPERIMENTAL  METHODS 


For  Raman  work  it  is  usually  desired  to  have  a  spectrograph  \v  hich  is  a 
reasonable  compromise  between  the  two  contradictory  requirements  ot 
high  light-gathering  power  and  high  dispersion.  The  instrument  must  have  a 
fairly  high  light-gathering  power  as  the  intensities  of  the  Raman  lines  are 
weak  in  comparison  to  the  intensity  of  the  scattered  excitation  light.  It 
must  also  have  a  fairly  high  resolution  so  as  to  suitably  resolve  and  separate 


the  individual  Raman  lines.  .  .  , 

The  optical  system  of  an  instrument  built  by  Stamm  (29)  for  mdustna 

research  and  analytical  applications  of  Raman  spectra  may  be  seen  in  Fig. 
14  This  utilizes  an  off-axis  paraboloid  mirror  for  collimating  the  light  and 
achieves  its  wavelength  separation  by  means  of  an  echelette  diffraction 
grating  of  15,000  lines  per  inch.  From  the  grating  the  light  passes  through  an 
objective  to  be  focused  onto  a  photographic  plate.  0  lie  lg  t  en  ering 
entrance  slit  is  that  collected  from  the  sample  tube,  not  shown  here. 

The  sample  tube  is  always  one  from  which  light  scattered  at  right  angles 
to  the  exciting  radiation  is  collected  and  focused  onto  the  entrance  • 
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Fig.  14.  Optical  diagram  of  a  spectrograph  designed  for  Raman  spectroscopy  (from 
reference  29). 
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Fig.  15.  Diagram  of  glass  sample  tube 
lor  Raman  studies  (from  reference  30). 


with  concentric  filter  and  water  jackets  used 


Th5  m?  ^  Se.en  the  construction  details  of  such  sample  tube 
(  ).  The  cential  section  is  filled  with  the  sample  under  study  and  it  is 
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irradiated  by  lamps  placed  parallel  to  it.  The  excitation  light  thus  passes 
through  the  constant  temperature  water  jacket  and  the  filter  solution 
jacket.  The  light  scattered  in  a  direction  parallel  with  the  axis  of  the  tube 
is  then  reflected  by  a  plane  mirror  to  a  lens  which  focuses  it  onto  the  en¬ 
trance  slit  of  the  spectrograph. 

The  usual  light  source  for  irradiating  the  sample  consists  of  several 
mercury  vapor  discharge  lamps  (for  example,  General  Electric  Type  H-l  or 
H-2).  These  lamps  are  tubular  and  are  arranged  parallel  to  such  a  tube  as 
seen  in  Fig.  15.  The  use  of  several  serves  to  augment  the  amount  of  avail¬ 
able  scattered  light.  The  4358  A.  line  from  the  mercury  discharge  is  a  popu¬ 
lar  excitation  frequency.  To  reduce  the  overlapping  due  to  the  nearby  Hg 
lines  of  4078  and  4047  A.  they  are  filtered  out  by  using  a  solution  of  sodium 
nitrite.  When  alternative  lines  are  used  and  it  is  desired  to  remove  inter¬ 
ference  in  other  frequency  ranges  there  are  a  variety  of  filter  solutions  avail¬ 
able  (29).  Praseodymium  ammonium  nitrate  may  be  used  to  remove  some 
of  the  continuous  background  radiation  from  the  Hg  arc  between  about  4400 
and  4700  A.  It  should  be  pointed  out  that  the  frequency  of  the  exciting  light 
must  be  less  than  the  absorption  bands  of  the  material  being  studied. 
Otherwise  the  Raman  effect  may  not  be  obtained,  but  rather  excitation  of 
the  molecules  to  higher  electronic  states,  possibly  followed  by  fluorescence 
and  photodecomposition. 

Often  times  samples  submitted  for  Raman  study  contain  small  amounts 
of  fluorescent  materials.  This  is  very  objectionable  as  such  compounds  give 
rise,  through  fluorescence,  to  an  increase  in  the  continuous  background 
radiation.  Also  objectionable  in  the  sample  is  dust  or  suspended  particles 
as  they  increase  the  background  through  Tyndall  scattering.  To  reduce  or 
eliminate  these  effects,  the  sample  often  has  to  be  given  some  purification. 
For  this  a  simple  bulb-to-bulb  distillation  wherein  the  receiver  is  the 
actual  sample  tube  is  often  used.  Sometimes  it  is  necessary  to  use  silica  gel 
absorption  to  remove  the  objectionable  material  (30).  Due  to  danger  of 
contamination  by  fluorescent  or  suspended  material,  it  is  advisable  to  avoid 
stopcock  greases,  rubber  stoppers,  corks,  and  plastic  bottle  caps  while 

handling  the  samples. 

In  Fig.  14  the  spectrograph  is  shown  equipped  with  a  photogiaphic 
plate  onto  which  the  Raman  lines  are  focused  and  photographically  re¬ 
corded  In  such  a  case  the  density  of  blackening  depends  upon  intensity  of 
the  lines  and  to  measure  this  it  is  necessary  to  determine  the  density  of 
blackening  with  such  a  device  as  a  Leeds  &  Northrup  recordng  microphotom- 
eter  In  the  next  section  dealing  with  calibration  the  manner  of  correlating 
concentrations  of  materials  in  the  sample  with  intensity  ol  lines  will  he 

d*  iTtras  pointed  out  in  Chapter  4  that  photoelectric  detection  and  measure- 
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ment  of  the  individual  Raman  lines  held  great  promise  for  simplifying  the 
radiation  detection  problem.  Although  this  method  is  not  at  present  in 
wide-spread  routine  use  it  has  been  extensively  developed  by  Rank  and  his 
associates  (30-33),  and  it  is  hoped  that  in  the  next  few  years  commercial 
units  will  be  available.  In  this  system  the  light  to  be  detected  is  focused 
onto  the  cathode  of  a  photomultiplier  tube.  This  type  of  tube  achieves  an 
internal  stage  of  amplification  through  the  secondary  emission  of  electrons 
from  successive  electrodes.  In  scanning  the  spectrum  the  monochromator 
element,  such  as  the  echelette  diffraction  grating  in  Fig.  14  is  slowly  ro¬ 
tated,  thus  bringing  the  successive  lines  onto  the  cathode.  A  narrow  slit 
in  front  of  the  tube  ensures  that  only  a  small  spectral  band  width  reaches 
it  any  time.  The  angular  position  of  the  grating  may  be  correlated  with  a 
vernier  on  a  mechanical  drive  mechanism  to  provide  a  simple  and  usable 


Wavelength,  A 

i n g^e  mi i nm p n t ' i it ?  1  i  w °  'i  2-methylpentane  as  recorded  with  automatic  record- 
g  equipment  utilizing  photoelectric  detection  of  radiation  (from  reference  30). 

wavelength  calibration.  In  Fig.  1(5  may  be  seen  the  Raman  spectra  for  2- 
meth^lpentane  obtained  by  these  means  and  reproduced  from  reference  30 
In  this  the  recorded  galvanometer  deflection,  the  signal  for  which  comes 
10m  an  amplifier  to  which  the  phototube  is  connected,  is  recorded  as  a 

* TeWltsTlTth  Rd0W  thV  baSeHne  may  be  86611  the  actual 

a\  elengths  in  A  of  the  Raman  lines  and  just  above  the  baseline  mav  be 
seen  the  \  allies  of  the  displacements  from  the  exciting  frequencv  in  wnvo 

3.  CALIBRATION  PROCEDURES 

*  "•  h'»  -  *» 
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must  be  chosen  for  each  compound  such  that  the  intensity  of  the  scattered 
light  is  dominated  by  that  compound  alone.  In  general,  it  is  not  necessary 
to  use  simultaneous  equations  as  it  is  often  possible  to  find  a  sufficient 
number  of  characteristic  lines  which  are  not  seriously  overlapped  by  other 
lines.  However,  when  appreciable  overlapping  does  occur,  suitable  cor¬ 
rections  must  be  made.  These  will  be  discussed  in  the  next  section.  In 
choosing  a  group  of  lines,  it  is  convenient  if  a  set  of  the  spectra  such  as  seen 
in  Fig.  1(5  or  as  obtained  from  microphotometer  traces  can  be  superim¬ 
posed.  This  allow'S  an  immediate  choice  of  lines  with  the  least  amount  of 
overlapping. 

If  a  photographic  plate  is  used  to  register  the  spectra,  a  quantitative 
relation  between  the  intensity  of  blackening  and  the  intensity  of  light  re¬ 
ceived  (for  constant  exposure  time)  must  be  obtained.  To  achieve  this 
plate  calibration  a  series  of  exposures  of  known  relative  intensity  are  run 
and  the  resulting  plates  are  microphotometered.  This  gives  the  necessary 
data  to  construct  a  plate  optical  density  vs.  radiation  intensity  curve. 
Rosenbaum  and  his  coworkers  (34)  have  reported  a  simplified  version  of 
this  procedure  that  has  worked  quite  successfully.  They  used  the  equation 
E  =  antilog  D,  where  E  is  the  exposure  and  is  proportional  to  the  intensity 
of  light  in  the  Raman  line,  and  D  is  the  optical  density  ( D  =  log  h/I)  of 
the  Raman  line  as  measured  with  a  microphotometer.  This  relation  is 
based  on  the  fact  that  the  characteristic  curve  of  D  vs.  log  E  has  a  linear 
portion,  D  =  k  log  E,  where  the  constant  k  is  often  nearly  unity.  Of  course, 
if  the  phototube  method  of  measuring  intensities  is  used,  the  output  of  the 
last  amplification  stage  may  be  made  proportional  to  the  intensity  of 

Raman  line.  .  ,  , 

One  of  the  major  problems  in  the  calibration  of  a  Raman  spectrograp 

for  analytical  work  is  the  proper  correlation  of  observed  intensities  with 
the  concentrations  of  the  materials  in  the  sample.  Ordinarily  it  is  assumed 
that  the  intensities  are  proportional  to  the  amounts  of  material  in  the 
sample.  However,  this  may  not  be  true  due  to  overlapping  of  bands  and 
intermodular  interaction  effects.  Furthermore  since  the  scattered  hg  t 
is  also  proportional  to  the  intensity  of  exciting  light,  any  variation  of 
latter  will  make  the  measurements  unreliable  on  an  absolute  >asis. 

One  method  of  correlating  line  intensities  to  concentrations  is  to  use  an 
internal  standard.  In  this  a  known  amount  of  a  standard  material  is  always 

intensity  called  the  scattering  coefficient  was  dennea  as 


OPTICAL  METHODS  OF  HYDROCARBON  ANALYSIS 


199 


of  the  Raman  line  for  the  compound  to  that  of  the  Av  =  459  cm.-1  line  of 
carbon  tetrachloride.  One  objection  to  the  internal  standard  method  is  the 
necessary  contamination  of  sizable  quantities  of  pure  materials  often  needed 
for  the  calibration  of  other  types  of  instruments.  This  is  a  problem  when 
working  with  pure  compounds  that  may  cost  several  dollars  per  milliliter. 

Rosenbaum  et  al,  who  used  the  photographic  technique,  have  used  an 
empirical  averaging  process  wherein  essentially  direct  correlations  be¬ 
tween  photographic  blackening  and  sample  concentrations  were  obtained 
under  conditions  which  allowed  for  the  overlapping  and  interaction  effects 
that  may  occur  in  mixtures.  In  this  method  it  is  important  that  the  exposure 
conditions  and  photographic  processing  be  very  reproducible.  Data  were 
obtained  for  the  compounds  in  pure  form  and  in  known  mixtures.  For  each 
Raman  line  chosen  for  analytical  work  a  ratio  between  the  intensity  Ie 
observed  for  the  mixture  and  the  intensity  1°  observed  for  the  corresponding 
pure  compound  was  formed  to  give  an  apparent  percentage  of  the  compound 
in  the  mixture.  If  several  lines  were  used  for  the  same  compounds  the  ap¬ 
parent  percentages  were  averaged  to  give  Pav.  These  values  of  Pav  were 
then  normalized  to  100%  for  the  sample  to  give  corrected  percentage  values, 
Pc-  IN  ext  a  ratio,  R,  was  formed  between  the  corrected  percentage  and  the 
known  peicentage  in  the  sample  for  each  compound.  As  several  mixtures 
veie  used,  the  values  of  R  were  averaged  for  each  compound  to  yield  an 
Rav  the  observed  intensity  of  each  analysis  line  for  the  pure  compound 
v  as  then  multiplied  by  the  proper  Rav  to  yield  a  quantity  Ic,  which  is  the 
intensity  of  the  line  as  corrected  for  deviations  from  average  conditions 
encountered  during  operating  procedures.  In  applying  these  data  to  an 
unknown  mixture,  the  observed  effective  intensity,  Ie,  observed  for  each 
line  is  divided  by  the  proper  Ic  to  give  the  percentage  of  each  compound 
present.  If  several  lines  are  used  for  the  same  compound,  it  allows  an  average 
to  be  evaluated.  This  method,  although  a  bit  lengthy,  has  been  quite  suc¬ 
cessful,  as  reported  in  reference  (34). 

In  working  with  binary  mixtures  it  is  possible  to  calibrate  in  terms  of 
ratios  of  intensities  in  such  a  manner  as  to  eliminate  the  need  of  actually 
va  uating  the  individual  scattering  coefficients  (29).  Consider  a  mixture 

C0"JP“unc  compound  B.  From  a  series  of  known  samples  '  it  is 

°tt 0t  I  nt'"1/Int-B)  vs-  Native  concentration  where  Int.  A  and 
.  f  * 6  *he  °^served  ^tensities  for  the  analysis  lines  for  compounds  1 

bG  relative  0“ 

4.  APPLICATION  TO  SPECIFIC  ANALYSES 

lytical  worktodate  SffftrOSCOpy  to  ana‘ 

Raman  <*e„nique  is  more  suited  to  the  anal^^Ta^ 
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than  of  paraffins  as  the  former  possess  larger  scattering  coefficients.  Al¬ 
though  the  latter  may  be  successfully  analyzed  the  accuracy  in  general  is 

TABLE  VIII 

Comparison  Between  Synthetic  and  Calculated  Concentrations  for 
Synthetic  Samples  of  Hydrocarbons  (from  Reference  30) 


Compound 


1 ,2,3-Trimethylbenzene 
1,3, 5-Trimethylbenzene . 


Ethylbenzene  . 

2 , 2 , 5-T  rime  thylhexane . 


1  -Methyl-3-ethylbenzene 
1  -Methyl-4-ethylbenzene 
n-Propylbenzene . 


1 ,3, 5-Trimethylbenzene. 

n-Propylbenzene . 

l-Methyl-2-ethylbenzene 
1 , 2, 4-Trimethylbenzene 
<er£-Butylbenzene . 


1 , 2-Dimethylbenzene .... 

Isopropylbenzene . 

n-Propylbenzene . 

1 - Methyl -3-ethylbenzene 
1  -Methyl -4-ethylbenzene 

2- Cyclopentylbutane .... 


n-Propylbenzene . 

l-Methyl-3-ethylbenzene 
l-Methyl-4-ethylbenzene 
1 , 3 , 5-Trimethylbenzene 
Paraffin -napthene  mixture 


2- Methylpentane. 

3- Methylpentane 

n-Hexane . 


3-Methylpentane - 

n-Hexane . 

Methylcyclopentane 


Synthetic  % 

Calculated  % 

%  Difference 

50.0 

50.1 

+0.1 

50.0 

50.2 

+0.2 

50.0 

50.1 

+0.1 

50.0 

50.4 

+0.4 

13.9 

16.1 

+2.2 

13.4 

15.6 

+2.2 

72.7 

72.2 

-0.5 

35.2 

34.0 

-1.2 

15.6 

15.6 

0.0 

17.2 

16.2 

-1.0 

13.7 

12.7 

-1.0 

18.3 

19.3 

+  1.0 

13.3 

13.8 

+0.5 

16.7 

16.1 

-0.6 

16.7 

15.3 

-1.4 

13.3 

14.6 

+  1.3 

3.3 

4.2 

+0.9 

36.7 

36.7 

0.0 

6.1 

5.2 

-0.9 

8.9 

9.5 

+0.6 

1.6 

2.3 

+0.7 

2.4 

2.3 

-0.1 

81.0 

82.0 

+  1.0 

30.8 

32.6 

+  1.8 

30.8 

29.5 

-1.3 

38.4 

37.9 

-0.5 

30.8 

31.6 

+0.8 

38.4 

38.5 

+0.1 

30.8 

30.7 

-0.1 

Tn  Table  VIII  may  be  seen  the  results  for  a  series  of  synthetic 
n^xtnres Analyzed  by  this  method.  These  .lata  were  taken  from  reference 

(30). 
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It  should  be  observed  that  the  calculated  percentages  in  Table  VIII  have 
not  been  normalized  to  100%  as  is  often  done.  In  some  cases  this  would 
improve  the  accuracy.  The  general  scale  of  accuracy  attainable  loi  the 
aromatics  should  of  course  be  possible  for  mixtures  of  aromatic  derivatives. 
A  further  application  which  may  become  quite  important  in  some  cases  is 
the  detection  and  determination  of  inorganic  compounds  in  aqueous  solu¬ 
tions.  Stamm  (29)  has  demonstrated  the  feasibility  of  the  method.  A  dis¬ 
cussion  of  the  Raman  spectra  of  a  large  number  of  inorganic  compounds 
has  been  given  by  Hibben  (35). 


III.  Analysis  by  Ultraviolet  Absorption  Spectroscopy 


In  Chapter  4  there  was  given  a  discussion  of  the  different  types  of  mole¬ 
cules  which  possess  absorption  in  the  spectral  region  between  about  200 
and  400  m/x.  It  has  been  found  that  there  are  certain  types  of  atomic 
groupings  generally  unsaturated,  called  chromophores  (36),  which  will 
give  rise  to  absorption  in  a  molecule,  and  that  with  no  disturbing  influences 
different  molecules  possessing  the  same  chromophore  will  absorb  similarly. 
For  example,  the  alkyl  benzenes  all  have  a  broad  absorption  band  center¬ 
ing  near  260  m/t  which  is  due  to  the  benzene  ring.  Ketones  possess  a  band 
centering  near  280  m/x  due  to  the  carbonyl  group.  For  further  examples  and 
a  discussion  of  the  electronic  oscillations  responsible  for  the  absorptions 
the  reader  should  consult  Section  III,  Chapter  4. 


In  a  way,  the  tact  that  in  general  only  compounds  possessing  unsatura¬ 
tion  absorb  in  the  ultraviolet  is  a  very  fortunate  circumstance  for  those 
working  with  hydrocarbons.  As  we  shall  see  later,  it  allows  analyses  for 
specific  compounds  or  classes  of  compounds  in  the  presence  of  paraffins  and 
monoolefins  whose  composition  is  immaterial  to  the  determination.  Al¬ 
though  the  fact  that  the  technique  is  in  general  only  sensitive  to  those 
compounds  possessing  chromophores  is  a  limitation  to  its  uses,  it  is  at  the 
same  time  a  factor  of  great  importance  since  it  does  allow  the  detection  of 
specific  compounds  in  gross  mixtures.  It  is  of  particular  importance  in  the 
petroleum  industry  for  the  analysis  of  aromatics  in  the  presence  of  paraffins 
naphthenes,  monoolefins,  and  nonconjugated  diolefins;  for  the  determina¬ 
tion  o  conjugated  diolefins  in  similar  mixtures,  the  analysis  for  higher 

ZS  °n  °f  °ther  SPGCial  comP^nds  possessing  un- 


The  absorption  of  radiation  in  the  ultraviolet  obeys  the  same  general 
s  as  does  radiation  absorption  in  the  infrared  Beer’s  law  as  o-ivpn  > 

a  -tune  of  absorbing  compounds  is  examined.  ^  oT^mlot 
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ponent  mixtures  is  therefore  carried  out  by  procedures  that  parallel  those 
used  in  infrared.  For  multicomponent  analyses  it  is  necessary  to  inspect 
the  spectra  of  the  pure  compounds,  to  choose  wavelengths  suitable  for 
analytical  determinations,  and  to  obtain  the  calibration  coefficients.  An 
unknown  sample  is  then  examined  at  these  wavelengths  and  the  data  used 
in  a  set  of  simultaneous  linear  equations  to  calculate  the  individual  com¬ 
ponents. 

Ultraviolet  absorption  spectroscopy  admits  a  limited  use  for  qualitative 
analysis  in  multicomponent  mixtures  of  absorbing  compounds.  In  this 
respect,  it  is  at  a  disadvantage  compared  to  infrared.  There  each  molecule 
possesses  a  unique  absorption  spectrum  and  often  large  and  usable  differences 
exist  between  homologues.  In  the  ultraviolet  however  the  absorption  of  a 
group  of  homologues  is  due  to  a  common  chromophoric  group  and  differ¬ 
ences  in  substitutions  may  alter  the  absorption  spectra  but  slightly.  It  may 
however  be  used  to  great  advantage  at  times  to  detect  and  furnish  esti¬ 
mated  total  concentrations  of  a  class  of  compounds  in  the  presence  of  non¬ 
absorbing  material.  An  example  of  the  latter  may  be  the  concentration  of 
naphthalenes  in  the  presence  of  paraffins  and  olefins. 


1.  EXPERIMENTAL  METHODS 

In  the  earlier  work  in  this  field  a  photographic  technique  was  generally 
used.  In  this  a  photographic  plate  was  used  to  receive  and  register  the  in¬ 
tensity  of  the  light.  The  sample  under  investigation  was  usually  placed  in 
the  light  beam  at  a  position  before  the  entrance  slit  of  the  monochiomatoi 
(37).  The  degree  of  blackening  on  the  plate  therefore  was  a  measure  of 
transmitted  energy  and  a  quantitative  correlation  could  be  obtained  by 
measuring  the  density  of  blackening  with  a  microphotometer  and  the  use 
of  a  calibration  curve  relating  blackening  to  light  intensity.  In  recent  years 
the  newer  phototubes  and  electronic  components  available  haAe  made  it 
possible  to  use  an  all  electronic  system  for  measuring  the  transmitted  radia- 

tion 

A  diagram  of  such  an  instrument  may  be  seen  in  Fig.  17  of  Chapter  4. 
This  instrument  (38),  manufactured  by  the  National  Technical  Labora¬ 
tories,  South  Pasadena,  California,  has  been  quite  successful  for  analybcal 
applications  in  the  petroleum  industry  and  is  in  wide  use  today.  The  ladia 
tion  is  received  by  a  phototube  placed  behind  the  exit  slit  of  the  mono¬ 
chromator.  This  radiation  results  in  a  photoelectric  current  "  ie  is 
suitably  amplified  for  convenient  utilization.  The  instrument  is  used  with 
two  celfs  one  containing  the  pure  solvent  and  one  the  solution  of  the  samp >  e. 
The ttme  of  registering  the  amplified  photo—  albw* i  a i  c toet 
,  ,  •  0+-  r,  of  Pi+hpr  the  per  cent  transmission  or  of  the  optical  density. 

•— *  '«»•“  ,h- 
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range  of  200-400  m/x,  the  optical  parts  are  of  quartz.  It  is  customary  to 
use  absorption  cells  with  parallel  quartz  plate  windows  and  which  have 
matched  transmission  properties.  This  eliminates  the  necessity  of  making 
corrections  for  differences  in  cell  absorption  and  makes  possible  the  direct 
determinations  of  optical  density.  Most  compounds  which  do  possess  ab¬ 
sorption  in  the  ultraviolet  absorb  strongly  and  generally  it  is  necessary  to 
work  with  very  dilute  solutions. 

Isooctane  (2,4,4-trimethylpentane)  is  a  popular  solvent  and  if  it  is  free 
of  aromatic  impurities  may  be  conveniently  used.  When  such  impurities  are 
present,  they  may  be  removed  by  absorption  on  silica  gel.  Other  pure  paraf¬ 
fins  are  suitable  as  are  the  alcohols.  In  the  latter  case  it  is  sometimes  neces¬ 
sary  to  remove  traces  of  organic  acids.  Distilled  water  is  an  excellent  solvent 
for  many  compounds  which  are  soluble  in  it.  With  an  absorption  cell  of  1 
cm.  thickness  dilutions  of  one  part  in  several  thousand  are  generally  re¬ 
quired,  and  in  some  cases  they  may  be  as  low  as  one  part  in  several  hundred 
thousand.  The  use  of  such  low  concentrations  requires  exacting  procedures  in 
order  to  avoid  contamination  and  to  insure  that  the  concentrations  are 
accurate. 


To  avoid  contaminations  it  is  advisable  always  to  use  chemically  clean 
bottles  for  each  solution.  Also,  it  is  wise  to  avoid  the  use  of  rubber,  cork,  and 
plastic  stoppers.  Ground-glass-stoppered  bottles  may  be  satisfactorilv 
used  and  these  may  be  washed  with  a  detergent  solution,  followed  by  an 
o\en  drying,  to  insure  clean  containers.  To  attain  accuracy  of  concentra¬ 
tions  when  preparing  dilutions  as  great  as  one  part  in  several  thousand  it 
is  desirable  to  make  a  series  of  successive  dilutions,  each  of  which  can  be 
done  accurately.  For  example,  if  a  dilution  of  one  part  in  8000  is  desired 
it  can  be  done  in  three  steps  of  one-in-twenty.  Such  a  procedure  allows 
the  use  of  pipettes  and  burettes  wherein  the  smallest  amount  measured 
out  at  any  time  is  of  the  order  of  1  ml.  This  avoids  errors,  such  as  improper 
de  1  very,  attendant  to  the  use  of  the  very  small  volume  pipettes  and  also 

trouble  due  to  appreciable  evaporation  when  dealing  with  fairly  volatile 
components.  J 


2.  QUANTITATIVE  ANALYSIS  FOR  THE  LIGHT  AROMATICS 

An  application  of  ultraviolet  absorption  methods  that  is  now  used  rou- 

CnY“y  a^0rato™s  is  the  analysis  of  gasoline  fractions  for  the  Cs 
c,,  and  C,  aromatics  wh.ch  are  benzene,  toluene,  ethylbenzene  o-xvlene 
m-xylene  and  p-xylene.  An  illustration  of  how  the  wavelen“  hs  may  be 
selected  from  the  various  spectra  may  be  seen  in  Fig.  17  whidi  is  for  the 

Srt”  vis°u^  I"'0  ^  thr0USh0Ut  ita  atot 


204 


NORMAN  D.  COGGKSHALL 


impossible  to  select  a  unique  wavelength  for  each  compound  such  that 
it  is  the  dominant  absorber.  Despite  this,  sufficient  accuracy  is  obtainable 
that  the  method  has  become  very  valuable.  More  discussion  of  this  will 
be  given  below. 

It  is  possible  to  choose  six  wavelengths  for  analysis  such  that  a  multi- 
component  analysis  may  be  carried  out  for  all  six  compounds.  Howrever, 


- o- xylene  —  i/2,soo 

- m-xylene  — 1/2,500 


Fig.  17.  Ultraviolet  absorption  spectra  for  the  xylene  isomers  in  the  240-280 
region. 


TABLE  IX 


Wavelength  Values  for  the  Determination  of  Aromatics 


Compound 

Benzene 

Ethylbenzene 

Toluene 

o-Xylene 

m-Xylene 

p-Xylene 


Wavelength  in  mpi 

255 

261.5 

268.5 
271 

272.5 

274.5 


since  it  is  not  possible  to  select  dominant  wavelengths  for  each  constituent 
the  accuracy  will  in  general  not  be  sufficient.  It  is  preferable  to  fractionally 
distill  the  sample  with  a  precision  column  and  to  obtain  cuts  which  may  be 
called  the  benzene  cut,  the  toluene  cut  and  the  xylene  cut.  Satisfactory 
temperature  ranges  for  these  are:  00°-95°  C.  for  the  benzene  cut  95  -120 
c  for  the  toluene  cut,  and  I20°-150°  C.  for  the  xylene  cut.  With  the  ben¬ 
zene  cut  a  simultaneous  analysis  may  be  made  for  benzene  and  toluene, 
With  the  toluene  cut  a  simultaneous  analysis  may  be  made  for  benzene 
"no  and  ethylbezene,  and  with  the  xylene  cut  a  simultaneous  analys, 
may  be  made  for  the  o-,  m-,  and  p-xylene  and  ethylbenzene  with  a  check 

toluene  content. 
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In  choosing  the  wavelengths  it  is  advisable  to  plot  the  spectra  of  all  the 
compounds  on  the  same  graph  so  as  to  demonstrate  the  dominant  bands. 
When  this  is  done  a  set  of  wavelengths  such  as  given  in  Table  IX  is  chosen. 
Here  the  wavelengths  are  given  in  values  that  are  approximately  at  the 
centers  of  individual  bands  and  are  expressed  to  the  nearest  half  mp. 


TABLE  X 


Comparison  Between  Blended  Compositions  and  Calculated  Concentrations 

for  Aromatic  Analyses 


Compound 

Synthetic  % 

Calculated  % 

%  Difference 

Benzene . 

7.7 

7 

4 

-0.3 

Toluene . 

15.4 

15 

1 

-0.3 

Total  aromatics . 

23.1 

22 

5 

-0.6 

Benzene . 

3.0 

3 

1 

+0.1 

Toluene . 

7.0 

7 

0 

0.0 

Total  aromatics . 

10.0 

10 

1 

+0.1 

Benzene . 

0.5 

0 

6 

+0.1 

Toluene . 

2.0 

2 

1 

+0.1 

Ethylbenzene . 

0.5 

0 

3 

-0.2 

Total  aromatics . 

3.0 

3 

0 

0.0 

Toluene . 

9.0 

9 

3 

+0.3 

Ethylbenzene . 

1.0 

0 

2 

-0.8 

Total  aromatics . 

10.0 

9 

5 

-0.5 

Ethylbenzene . 

0.5 

0 

6 

+0. 1 

o-Xylene . 

1.5 

1 

3 

—  0  2 

m-Xylene . 

p-Xylene . 

Total  aromatics . 

4.0 

4.0 

10.0 

4 

4 

10 

5 

2 

6 

+0.5 

+0.2 

+0.6 

o-Xylene . 

w-Xylene . 

p-Xylene . 

Total  aromatics . 

. 

6.0 

3.0 

1.0 

10.0 

5 

3 

1 

9 

6 

0 

0 

6 

-0.4 

0.0 

0.0 

-0.4 

The  calibration  coefficients  are  obtained  from  a  series  of  accurately  made 
dilutions  of  the  pure  compounds.  In  many  samples,  especially  those  origi 
-  f f'"S  fl°m  catalytically  cracked  material,  there  may  be  some  styrene  con- 
g  ted  diolefins,  and  sometimes  sulfur  compounds  which  interfere  with 

the  analysis  and  may  produce  serious  errors.  These  mav  be  mm-.  1  i 
scrubbing  the  diluted  samnlp  with  c+  ,,  ..  L'f  removed  by 

tion  In  TahleYe,  ,  .  a  strong  alkallne  Permanganate  solu- 
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will  not  be  as  high  as  for  the  other  components.  This  is  a  consequence  of 
the  fact  that  it  possesses  no  unique  wavelength  at  which  it  is  the  dominant 
absorber. 

With  a  thorough  training  in  careful  procedure  nontechnical  personnel 
may  do  such  analyses.  The  average  time  per  sample  will  vary  but  should 
be  less  than  one  hour. 

3.  ANALYSIS  FOR  1,3-BUTADIENE 

The  application  of  ultraviolet  absorption  to  the  analysis  for  butadiene 
content  is  actually  only  a  single  example  of  the  many  instances  where  it  is 
possible  to  analyze  for  conjugated  diolefin  content.  However,  due  to  its  im- 


Fig.  18.  Ultraviolet  absorption  spectra  of  1,3-butadiene  in  the  220  280  range. 


portance  it  is  herewith  treated  separately.  Due  to  the  conjugation  of  the 
two  C=C  groups,  1,3-butadiene  has  an  onset  of  absorption  that  occurs  at 
about  240  mju.  Since  paraffins  and  monoolefins  do  not  absorb  in  this  region 
it  is  possible  to  make  a  very  accurate  and  convenient  determination  for 
butadiene  in  the  presence  of  C4’s  and  other  compounds.  In  Fig.  18  may  be 
seen  the  behavior  of  the  absorption  in  the  220-280  mM  region.  It  is  seen 
that  below  about  228  m/z  there  is  essentially  complete  absorption.  Starting 
at  about  250  mM  the  intensity  of  absorption  increases  in  progressing  to  the 
shorter  wavelengths.  This  variation  of  intensity  with  wavelength  makes  it 
possible  to  accurately  determine  the  butadiene  content  throughout  a  large 

range  of  concentrations.  ,  , 

The  procedure  for  the  analysis  is  quite  simple.  A  calibration  may  be  a  - 

tained  by  making  a  series  of  blends  of  butadiene  and 

the  samples.  The  butadiene  content  in  the  blend  should  <  y 
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ranee  of  concentration  expected  in  the  unknowns.  If  the  optical  densities 
are  recorded  at  one  or  more  wavelengths  between  225-250  mu  and  are 
plotted  against  partial  pressure  of  butadiene  they  will  produce  straight  line 
plots.  These  may  then  be  used  for  the  data  from  unknown  samples  to  give 
a  rapid  evaluation  of  the  butadiene  concentration.  . 

Olefinic  and  acetylenic  materials  may  cause  some  interference  if  the 
measurements  are  taken  in  the  lower  wavelength  region  and  if  the  con¬ 
centration  of  butadiene  is  very  small.  On  an  equal  concentration  basis, 
however,  their  contribution  to  the  absorption  is  very  small.  The  accuracy 
attainable  in  this  analysis  is  very  high.  For  samples  containing  of  the  order 
of  50%  butadiene  the  analyses  should  be  accurate  to  within  a  few  hun¬ 
dredths  per  cent  of  total  sample. 

The  measurements  may  be  taken  with  the  hydrocarbon  mixture  in  the 
liquid  phase  by  using  an  absorption  cell  capable  of  withstanding  the  neces¬ 
sary  pressure.  However,  it  is,  in  general,  more  convenient  to  examine  the 
material  in  the  gas  phase.  Beckman  (39)  has  described  an  automatically 
operated  ultraviolet  spectrophotometer  which  is  set  to  operate  at  230  m/x. 
This  is  used  either  for  continuously  sampling  the  stream  to  record  the 
butadiene  concentration  or  for  automatic  control  of  the  reflux  ratio  for 
optimum  performance. 

4.  ANALYSIS  FOR  NAPHTHALENES 

Another  example  of  quantitative  analysis  for  unsaturated  materials  is 
in  the  analysis  for  naphthalene  and  the  methylnaphthalene  isomers  (40). 
This  is  often  of  importance  in  distillation  cuts  lying  in  the  kerosene  range. 
Such  mixtures  may  comprise  paraffins,  naphthenes,  olefins,  alkyl-substi¬ 
tuted  benzenes,  mononuclear  aromatics  with  unsaturated  side  chains,  and 
naphthalenes.  As  may  be  seen  in  Table  V  of  Chapter  4,  the  naphthalenes 
possess  absorption  around  311  m/u.  Very  fortunately  none  of  the  other  con¬ 
stituents  possess  characteristic  absorption  maxima  in  this  region.  Since 
there  is  a  large  difference  in  boiling  point  between  naphthalene  and  the 
meth\  lnaphthalenes  it  is  possible  to  make  cuts  which  do  not  contain  the 
latter.  If  the  boiling  point  ranges  are  close  to  the  naphthalene  boiling  point 
a  direct  evaluation  of  the  concentration  by  the  methods  discussed  earlier 
is  feasible.  It  often  happens,  however,  that  it  is  desired  to  analyze  a  sample 
for  naphthalene  which  has  a  low  initial  boiling  point  and  thus  may  contain 
appreciable  amounts  of  mononuclear  aromatics  with  unsaturated  side 
chains  wherein  an  olefin  group  is  conjugated  with  the  benzene  ring.  Al- 
t  ough  such  materials  may  not  possess  characteristic  absorption  maxima 
in  the  311 m/z  region,  they  may  contribute  to  the  “background”  absorption 
due  to  a  slow  decrease  of  absorption  with  increasing  wavelength. 

or  samples  exhibiting  background  absorption  it  is  necessary  to  de- 
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termine  a  suitable  correction.  This  may  be  done  by  utilizing  the  shape  of 
the  absorption  spectra  ol  pure  napththalene.  The  spectra  for  naphthalene 
in  a  sample  exhibiting  appreciable  background  may  be  seen  in  Fig.  19. 
The  wavelengths  designated  as  A,  C,  and  B  lie  at  308.5,  311,  and 318  mM, 
respectively.  The  method  of  correction  will  now  be  described.  The  follow¬ 
ing  ratios  are  determined  for  pure  naphthalene: 


Ri  =  Dc/Da  and  R2  =  Dc/Db 


Wavelength  in  m^i. 

Fig.  19.  Ultraviolet  absorption  spectrum  of  naphthalene  in  a  sample  exhibiting  ap¬ 
preciable  background  absorption  in  the  300-320  m/u  region  (from  reference  40). 


TABLE  XL 


Comparison  between  Blended  and  Calculated  Naphthalene  Concentrations 

(from  Reference  40) 


Sample  No. 

Known  %  of  naphthalene 

Calculated  %  of 
naphthalene 

%  Error 

1 

8.28 

8.07 

-0.21 

2 

6.16 

6.05 

-0.11 

3 

3.22 

3.33 

+0.11 

4 

2.40 

2.33 

-0.07 

5 

3.27 

3.30 

+0.03 

G 

1.02 

1.03 

+0.01 

where  Da,  Be,  and  Db  are  the  optical  densities  at  the  wavelengths  A,  C,  and 
B  The  corresponding  optical  densities  tor  the  samples,  termed  I)«>6,  Dc.s, 
and  Db ,  may  now  be  determined.  An  average  background  correction  <h 
may  be  assumed  to  apply  between  points  A  and  C  and  a  similar  correction 
d2  between  C  and  B.  These  may  then  be  evaluated  using  the  equations: 

Ri  =  (Dc,s  -  di)/(Da,s  -  di) 

R2  =  (Dr,s  -  dt)/(D M  -  d2) 

An  average  background  correction  may  then  be  calculated  from  *  and 
d.  to  apply  at  wavelength  C  for  a  direct  determ, nat. on  «f  ‘he  naphthalene 
content  This  method  is  fairly  rapid  and  easy  to  apply  and  will  yield  a 
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liable  naphthalene  content  in  the  presence  of  large  concentrations  ot  un¬ 
saturated  materials.  In  Table  XI  may  be  seen  comparisons  between  the 
blended  and  calculated  compositions  of  a  series  of  synthetic  samples,  n 
these  there  were  large  concentrations  of  materials  contributing  to  the  bac  k- 

ground  at  311  m/x.  .  , 

The  same  general  method  as  described  earlier  for  the  analysis  loi  the 

C6,  C7,  and  Cg  aromatics  may  be  applied  for  an  analysis  for  naphthalene, 
alpha-methylnapthalene,  and  beta-methylnaphthalene.  I  he  spectra  of 
the  pure  compounds  may  be  seen  in  Fig.  20  and  here  the  wavelengths  used 
for  the  analysis  are  indicated  by  arrows.  Such  a  method  is  not  satisfactory 
if  the  samples  contain  interfereing  compounds  which  contribute  to  a  back- 


Fig.  20.  Ultraviolet  absorption  spectra  of  naphthalene,  alpha-methylnaphthalene, 
and  beta-methylnaphthalene  in  the  300-330  m n  (from  reference  40). 

ground  of  absorption  in  the  300-330  m n  region.  However,  many  of  such  in¬ 
terfering  compounds  may  be  removed  by  distillation  and  others  may  be 
removed  by  treatment  ol  the  sample  with  alkaline  permanganate.  In 
Table  XII  may  be  seen  the  analyses  of  a  number  of  distillation  cuts  from 
an  aromatic-rich  hydrocarbon  sample.  Tests  made  using  synthetic  blends 
indicate  the  average  errors  to  be  of  the  order  ol  a  few  tenths  per  cent  of 
total  sample. 


5.  OTHER  MISCELLANEOUS  ANALYSES 

At  this  point,  it  is  clear  that  the  ultraviolet  absorption  technique  is  the 
ideal  method  of  analysis  in  many  cases  where  it  is  desired  to  determine  the 
concentration  ol  an  absorbing  compound  in  the  presence  of  nonabsorbing 
materials.  Many  examples  of  such  applications  could  be  cited.  In  this  sec¬ 
tion  we  shall  consider  a  few  cases  which  illustrate  the  range  of  applications. 
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a.  Ketone  Analyses.  In  Section  3,  III,  of  Chapter  4  the  C=0  group  was 
tabulated  as  possessing  an  absorption  band  with  maximum  near  280  mM. 
This  is  demonstrated  by  the  behavior  of  the  ketones  which  possess  a  broad 
band  in  this  region.  This  absorption  allows  the  detection  and  quantitative 
analysis  for  ketones  in  alcohols,  hydrocarbons,  and  other  nonabsorbing 
compounds.  As  the  simple  ketones  are  not  strong  absorbers,  the  absorp¬ 
tion  tends  to  be  masked  out  by  appreciable  concentrations  of  aromatics 
in  the  samples. 

b.  Styrene  and  Other  Aromatics.  The  benzene  ring  constitutes  a  chromo- 
phore  with  a  characteristic  absorption  band  in  the  240-280  m/x  region.  If 
the  substituents  on  this  ring  are  saturated  there  will  be  only  minor  differ¬ 
ences  in  the  spectra  in  passing  from  compound  to  compound.  This  there¬ 
fore  limits  the  usefulness  for  simultaneous  analysis  of  mixtures  containing 


TABLE  XII 

Ultraviolet  Analyses  of  Distillation  Cuts  of  Aromatic  Rich  Hydrocarbon 
Sample  for  Naphthalenes  (from  Reference  40) 


Boiling  pt.  range,  °C. 

Naphthalene 

a-Methylnaphthalene 

/9-Methylnaphthalene 

210-215 

9.4 

0.0 

0.0 

215-220 

17.1 

0.0 

0.0 

220-225 

18.2 

0.0 

0.0 

225-230 

8.2 

0.3 

2.1 

230-235 

0.3 

0.9 

8.9 

235-240 

0.0 

4.2 

27.3 

240-245 

0.0 

13.5 

45.0 

several  homologous  species.  An  example  of  this  was  seen  in  Section  2,  III, 
where  it  was  stated  that  a  simultaneous  analysis  for  all  six  of  the  compounds 
considered  there  was  not  advisable.  If  the  substituent  possesses  a  C=C 
band  conjugated  with  the  benzene  ring  it  will  result  in  a  new  chromophore 
with  absorption  bands  at  longer  wavelengths.  An  example  of  this  is  styrene, 
the  spectra  for  which  is  shown  in  Fig.  21.  The  two  ratios  in  the  figure  in¬ 
dicate  the  dilution  factors  used  in  the  solutions.  This  material  absorbs 
much  more  strongly  than  the  alkyl  benzenes,  and  by  virtue  of  this  styrene 
may  be  detected  in  an  alkyl-benzene  mixture  at  very  low  concentrations. 
The  same  considerations  also  apply  to  the  chlorostyrenes.  A  further  ex¬ 
ample  of  the  type  of  system  occasionally  encountered  which  does  not  fall 
into  the  previously  considered  classes  is  that  of  p-cymene,  benzene,  and 
toluene.  Such  a  system  may  often  be  analyzed  by  the  straight  forward 
methods  of  Section  2,  III,  if  the  number  of  components  is  not  greater  than 
four.  I  Table  XIII  may  be  seen  the  results  of  an  analysis  of  a  synthetic 
mixture  containing  the  materials  named.  Another  example  is  in  the  simul- 
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taneous  analysis  for  naphthalene  and  tetralin.  Since  the  former  absorbs 
more  strongly  than  the  latter  at  every  point  it  is  not  possible  to  detect  a 
accurately  analyze  for  small  concentrations  of  tetralin.  Howevei,  if 
present  in  appreciable  quantities  it  may  be  measured  by  an  indirect  pro- 
cediire.  This  entails  the  evaluation  of  naphthalene  by  using  a  wavelength 
for  which  tetralin  does  not  absorb.  The  optical  density  at  a  characteristic 
tetralin  point  may  be  corrected  for  the  naphthalene  content  and  the  resi 
ual  used  to  determine  the  amount  of  tetralin  present.  From  the  previous 


Fig.  21.  Absorption  spectrum  of  styrene  in  the  220-300  mu  region. 


TABLE  XIII 

Comparison  between  Blended  and  Calculated  Composition  for  a  Mixture  of 

Benzene,  p-Cymene,  and  Toluene 


Compound 

Synthetic  % 

Calculated  % 

%  Difference 

Benzene . 

11.7 

11.6 

-0.1 

p-Cymene . 

10.4 

9.5 

-0.9 

Toluene . 

13.0 

12.3 

-0.7 

discussion  of  the  analysis  of  oils  for  naphthalene  it  is  clear  that  interfering 
compounds  cannot  be  tolerated  in  the  present  case. 

c.  Furfural  and  Diphenylfulvene.  It  is  often  desired  to  follow  a  single 
compound  which  may  be  a  solvent  or  solute  through  different  stages  of  an 
extraction  or  other  type  of  process.  If  this  compound  has  ultraviolet  absorp¬ 
tion  either  at  wavelengths  for  which  the  other  materials  do  not  absorb  or  of 
much  greater  intensity  than  the  other  materials  it  is  conveniently  followed 
by  the  present  techniques.  Furfural  is  an  example  of  such  a  compound.  It 
has  an  absorption  band  of  very  great  intensity  centering  near  267  mp.  This 
high  intensity  allows  catalytic  cracked  gas  oils  which  may  contain  consider- 
a  e  quantities  of  aromatics  and  other  unsaturates  to  be  analyzed  for 
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furfural  content  with  a  sufficient  accuracy  for  many  purposes.  Another 
example  of  a  material  of  high  absorption  which  may  be  detected  in  gross 
mixtiues  containing  other  absorbing  compounds  is  diphenylfulvene.  In 
Fig.  22,  curve  A  is  the  spectrum  of  diphenylfulvene,  curve  B  is  the  spectrum 
of  an  oil  with  no  diphenylfulvene  added,  and  curve  C  is  the  spectrum  of  an 
oil  to  which  it  has  been  added.  It  is  clear  that  if  the  absorbing  properties  of 
an  oil  are  determined  before  adding  the  diphenylfulvene  its  concentration 
can  be  determined  at  a  subsequent  time  from  the  optical  density  at  323 
mu.  In  all  cases  wherein  such  compounds  are  added  to  oils  or  other  mix¬ 
tures,  it  is  desirable  to  obtain  the  absorption  properties  of  the  latter  prior 


Fig.  22.  Absorption  spectra  of;  (A)  diphenylfulvene,  (B)  an  oil  containing  no 
added  diphenylfulvene  and  (C)  an  oil  containing  added  diphenylfulvene. 


to  the  addition.  This  then  allows  the  optical  densities  measured  for  the 
mixtures  to  be  suitably  corrected. 


G.  QUALITATIVE  APPLICATIONS 

From  the  foregoing  material  and  from  the  discussion  of  chromophores  in 
Chapter  4  it  is  evident  that  ultraviolet  absorption  may  at  times  be  valuable 
as  a  qualitative  tool  when  working  with  complicated  mixtures  such  as  oils. 
The  polynuclear  aromatics  possess  absorption  bands  at  relatively  long 
wavelengths  due  to  the  condensation  of  the  benzene  rings.  Although  pure 
samples  of  many  of  the  possible  compounds  are  not  available  it  is  possible 
to  predict  their  general  absorption  characteristics.  Thus  an  oil  may  show 
absorption  bands  in  the  region  of  375  m/z  which  may  be  interpreted  to  in¬ 
dicate  the  presence  of  anthracenic  type  materials.  An  example  of  such  an 
application  may  be  seen  in  Fig.  23.  The  sample  under  study  here  was  an 
oil  boiling  in  the  300-350°C.  range.  The  peaks  showing  at  about  35o  and 
376  m/z  indicate  the  presence  of  anthracenic  compounds.  In  such  an  investi¬ 
gation  it  is  often  impossible  to  do  more  than  classify  the  types  of  po>- 
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nuclear  aromatics.  With  the  use  of  closer  boiling  cuts  and  the  availability 
of  more  pure  compounds  in  these  ranges,  it  is  quite  likely  that  more  quan¬ 
titative  information  will  become  possible  in  the  future. 

It  is  frequently  of  value  to  make  a  direct  comparison  between  the  con¬ 
centrations  of  polynuclear  aromatic  content  even  though  the  absolute  quan- 


IiG!.  23.  Absorption  spectrum  of  an  oil  sample  interpreted  to  contain  anthracenic 
type  compounds. 
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I.  Introduction 

There  are  three  electrical  properties  that  chiefly  characterize  a  hydro¬ 
carbon:  the  electrical  conductivity,  the  dielectric  constant,  including  the 
dipole  moment,  and  the  dielectric  strength.  Of  these  three,  only  the  first 
will  be  treated  in  detail,  since  it  has  been  developed  extensively  and  from 
various  angles  in  recent  years  and  has  considerable  fundamental  as  well  as 
practical  interest.  The  second  property  shows  little  variation  for  hydro¬ 
carbons,  and  moreover,  it  will  be  dealt  with  in  connection  with  the  refrac¬ 
tive  index.  For  these  reasons  its  treatment  in  this  chapter  will  be  brief.  The 
third— dielectric  strength— has  undergone  relatively  little  development 
during  the  past  fifteen  years;  a  detailed  article  on  this  subject  would  be 
mere  repetition  of  what  can  be  found  in  existing  monographs  (1) 

Only  the  fundamental  facts  will  be  stressed  in  this  chapter,  omitting  de¬ 
tails  Experimental  results  will  be  dealt  with  rather  than  theoretical  and 
mathematical  discussions. 


I T.  Electrical  Conductivity 

Whereas  the  dielectric  constant  of  hydrocarbons,  as  will  be  seen  later  is 
a  well-defined  quant, ty  which  depends  on  their  chemical  constitution  the 
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which  it  approaches  asymptotically.  Solid  polymer  hydrocarbons  show  the 
same  behavior.  The  D.-C.  conductivity  of  polystyrene  (2)  is  1()“17  to  1()-19. 
As  von  Hippel  (3)  has  shown,  the  A.-C.  loss  factor  (ratio  of  ohmic  to  charg¬ 
ing  current)  is  10-4  if  molded  in  vacuo ,  but  about  10^3  if  molded  in  air. 

This  behavior  is  in  striking  contrast  to  that  of  other  substances,  water  for 
instance.  Ordinary  distilled  water  has  a  conductivity  of  about  10-6  mho/cm. 
With  repeated  distillations  this  value  decreases  about  25  times  and 
approaches  a  well-defined  value  (4),  namely  0.038  X  10~6  at  18°C. 

The  reason  for  the  difference  between  water  and  hydrocarbons  is  this. 
The  conductivity  of  pure  water  is  due  to  the  H30+  and  OH-  ions  into  which 
the  water  molecule  dissociates  electrolytically.  Other  agents  that  might 
contribute  to  the  conductivity  can  be  reduced  to  a  concentration  sufficiently 
low7  that  the  effect  of  the  dissociation  is  not  masked.  In  hydrocarbons  these 
contributing  agents  cannot  be  eliminated  completely,  so  that,  with  the  de¬ 
grees  of  purity  attainable  today,  w7e  do  not  know7  what  would  be  the  con¬ 
ductivity  of  an  ideally  pure  sample.  Not  only  the  value  of  this  ideal  con¬ 
ductivity  is  unknown,  but  also  the  mechanism  by  which  it  is  produced. 

The  electrical  conductivity  of  a  hydrocarbon,  as  we  understand  it  today, 
is  that  of  a  sample  of  medium  purity.  Its  value  is  not  determined  by  the 
chemical  constitution  of  the  hydrocarbon.  The  conductivity  is  determined, 
instead,  by  three  extraneous  and  ubiquitous  agents,  namely:  electromag¬ 
netic  radiation,  corpuscular  radiation,  and  chemical  admixtures.  What  the 
conductivity  would  be  without  these  three  agents  is,  as  has  been  stated, 


unknown.  . 

In  the  following  paragraphs  we  shall  give  a  picture  of  the  mechanism  of 

electrical  conduction  in  a  hydrocarbon.  (This  is  a  somewhat  tentative  pic¬ 
ture  but  it  will  lie  useful  as  a  guide.)  This  mechanism  is  thought  to  be  valid 
for  all  conditions  under  which  a  hydrocarbon  conducts  the  current.  Next, 
we  will  review  briefly  the  pertinent  experimental  facts  on  the  natural  con¬ 
ductivity  of  hydrocarbons  and  show  how  they  may  be  explained  on  the 
basis  of  the  mechanism  presented.  Finally,  it  will  be  shown  to  what  extent 
and  in  what  manner  the  three  external  agents  cited  influence  the  conduc¬ 
tance  of  hydrocarbons;  the  usefulness  of  the  tentative  mechanism  given  will 
be  evident  from  the  interpretation  of  these  experimental  findings. 

Concerning  the  mechanism  of  conduction,  it  is  in  all  probability  ionic  in 

nature  If  the  further  question  is  asked,  What  kind  of  ions  are  presen 

hydrocarbon?,  wc  can  only  give  the  answer  by 

tions.  It  is  probable  that  there  are  two  fundamentally  different  kinds 
PIThe  one  kindls'hTprinciple  the  same  as  those  present  in  water  or  alcoholic 
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originate  from  the  hydrocarbon  molecule.  The  chiel  characteristic  of  these 
ions  is  that  their  concentration  is  determined  thermodynamically  by  the 
concentration  of  the  undissociated  “mother”  molecules  from  which  they 
originate  and  the  mass  action  law.  The  chief  agents  that  cause  this  type  of 
ion  to  be  generated  are  chemical  admixtures  of  dipolar  and  dissociable  na¬ 
ture.  For  the  sake  of  brevity,  ions  of  this  type  will  be  called  electrolytic 
ions. 

The  second  kind  of  ions  are  similar  to  those  that  are  formed  in  gases  under 
the  influence  of  electric  discharges  (5).  Molecules  either  split  into  small 
fragments,  radicals,  or  form  large  addition  compounds.  This  structural 
change  often  enables  the  molecules  either  to  add  or  to  lose,  say,  one  or  two 
electrons,  in  this  manner  transforming  into  charged  molecules,  i.e.,  ions. 
The  essential  feature  of  such  ions  is  that  their  concentration  is  not  deter¬ 
mined  thermodynamically  by  the  concentration  of  the  “mother”  molecules 
and  the  mass  action  law.  They  are  generated  by  external  agents,  namely 
electromagnetic  or  corpuscular  radiation,  and  they  undergo  a  process  of  re¬ 
combination  which  may  be  very  fast  as  in  gases,  or  rather  slow  as  in  liquid 
01  solid  hydrocarbons.  C  hemical  kinetics  of  organic  reactions  (5)  offers  many 
proofs  that  unstable,  intermediate  compounds  are  often  ionic  in  nature. 
Lacking  a  more  precise  denomination  for  this  type  of  ions,  they  will  be 
called,  for  the  sake  of  brevity,  electromorphic  ions.  The  name  implies  that 
the  hydrocarbon  molecules  undergo  a  certain  structural  change  associated 
with  an  electric  charge. 


1.  NATURAL  CONDUCTIVITY 

1  his  section  presents  a  brief  review  of  some  essential  experimental  results 
on  the  natural  conductivity  of  average  purity  hydrocarbons.  The  first  sub¬ 
ject  to  be  dealt  with  is  the  variation  of  the  conductivity  with  time.  The  con¬ 
ductivity  decreases  with  the  time  elapsed  from  the  moment  of  closing  the 
circuit,  first  rapidly,  then  slower,  and  finally  approaching  a  more  or  less 

“  ™!Ue-  e1,relat:Vely  high  currents  Present  sh«rt‘y  after  the  circuit 
inn  f  n  ih<!  S°"f  “  absorption  currents-have  various  causes.  Orienta¬ 
tion  of  dipolar  molecules  ,s  one,  but  this  component  disappears  mostly  after 

is  another  °but dd  '  T"8  °f  interal  surfaces  'vithin  the  dielectric 

s  anothe.  but  this  component  occurs  essentially  in  inhomogeneous  dielec- 

t  CS,  and  hence  ,s  of  little  significance  in  the  realm  of  pure  hydrocarbons 

The  third  component,  sometimes  called  polarization  is  the  one  that 
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The  constant  component  of  the  current  is  due  to  electrolytic  ions  which, 
although  limited  in  number,  are  instantaneously  replaced  through  dissocia¬ 
tion,  hence,  this  current  is  independent  of  time.  When  the  first  component 
disappears  all  that  is  left  of  the  total  current  is  the  second  component.  This 
situation  is  shown  clearly  in  the  case  of  paraffin  wax,  a  typical  solid  hydro- 


Fig.  1.  Electrical  conductivity  of  paraffin  wax  vs.  time  (up  to  2  seconds).  After 
Scislowski. 


TIME  ,  MINUTES 

Fig.  2.  Electrical  conductivity  of  paraffin  wax  vs.  time  (from  30  seconds  up).  Aftei 
Scislowski. 

carbon.  Figures  1  and  2,  after  Scislowski  (6),  give  an  example.  These  data 
were  obtained  at  a  stress  of  20  to  40  kv./cm.;  Fig.  1  biloganthmically  shows 
the  drop  of  the  conductivity  up  to  2  seconds;  Fig.  2,  from  30  seconds  up. 
As  can  be  seen,  the  transient  conductivity  drops  from  10  16  mho/cm.  to  zero. 
The  final  conductivity,  reached  after  about  5  minutes,  is  4  X  m  o/cm. 
The  conductivity  of  hydrocarbon  oils  shows  a  similar  behavior.  is  pos 
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sible  to  interpret  such  curves  in  the  light  of  the  theory  of  removal  of  ions, 
and  obtain  values  for  the  ionic  mobility.  If  a  is  the  variable  conductivity, 
<77  the  final  value,  <xo  d-  cy  the  initial  value,  thc  and  vaa  the  mobilities  of  cation 
and  anion,  V  the  voltage  across  a  cell  of  electrode  separation  a,  and  t  the 
time,  then,  according  to  Gemant  (7), 

<J  —  (X f  THC  mcV</a2  _j_  'M'a  maVtla 2 

(To  rac  +  wa  mc  +  ma 

The  two  mobilities  are  selected  to  fit  an  individual  curve.  Experimental 
data  of  J.  B.  Whitehead  (8)  were  analyzed  by  the  writer,  as  shown  in  Fig.  3. 
The  circles  are  experimental  data,  referring  to  a  heavy  hydrocarbon  oil  at 


TIME , SECONDS 


Mectrical  conductivity  of  a  hydrocarbon  oil  vs.  time.  O  measured  datn 
after  J.  B.  Whitehead.  Curve:  calculated  after  equation  (1)  of  Gemant.  ‘  ’ 


60°C.  (viscosity  at  G0°C.,  1.1  poise);  the 
tion  (1)  with  mc  =  3.1  X  10~7  and  ma  = 
According  to  Stokes’  equation: 


curve  is  drawn  according  to  equa- 
0.37  X  10~7cm./sec.  per  volt/cm. 


r  —  ze/bir  t]  m 


L . ,T‘Vt  7s’  2  "  valency’  e  =  ele«ti-onic  charge,  ,  =  viscosity  of  hy¬ 
drocarbon).  Taking  Z  as  unity,  rc  =  2.5  X  10^  cm.  and  r„  =  2.1  X  1<V»  cm 

From  these  figures  the  ions  appear  to  be  composed  of  several  molecules' 
ie  concentration  c„  (number  of  ions  per  cm.’)  of  each  kind  of  ion  is  given 


With  z 


1,  cn  becomes  2  X  1012 


<ro/ze(mc  +  ma)  (3) 

per  cm.3  All  these  calculated  data  refer  to 
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the  electromorphic  ions  present ;  the  corresponding  data  for  the  electrolytic 
ions,  as  represented  by  the  term  <rf,  cannot  be  computed  from  the  a  vs.  t 
curve. 

Next  we  consider  the  temperature  variation  of  a  in  hydrocarbons.  The 
conductivity  generally  increases  with  the  absolute  temperature  T  according 
to  the  relation 


o-  =  Ae-B'T 


(4) 


where  A  and  B  =  constants.  Plotting  the  logarithm  of  a  vs.  the  reciprocal 
of  the  absolute  temperature  gives  a  straight  line.  The  slope  of  this  line  is, 
however,  constant  only  in  a  certain  range  of  temperature.  If  the  range  in¬ 
vestigated  is  wide,  it  is  usually  found  that  the  slope  changes  at  certain  tem¬ 
peratures. 

Equation  (2)  shows  that  the  mobility  of  ions  varies  inversely  with  the 
viscosity  of  the  solvent.  It  is  known,  on  the  other  hand,  that  the  viscosity  r? 
decreases  with  increasing  temperature  according  to  an  equation  analogous 
to  (4) ;  the  exponent  in  this  case  is  positive.  Stokes’  equation  in  this  manner 
accounts  qualitatively  for  the  a  —  T  relation.  This  temperature  effect  is 
present  with  both  kinds  of  ions  considered,  since  Stokes’  equation  is  applic¬ 


able  to  both. 

For  electrolytic  ions,  however,  a  further  temperature  effect  exists,  since 
the  electrolytic  dissociation  constant  K ,  increases,  as  a  mle,  w ith  incieasing 
temperature.  While  this  K  vs.  1  relation  is  complicated,  in  a  hist  appioxi- 
mation  it  obeys  an  exponential  function,  analogous  to  equation  (4).  Since 
both  K  and  m  increase,  the  slope  for  electrolytic  ions  must  be  laigei  than 
for  electromorphic  ions  for  which  only  m  increases.  This  circumstance  might 
explain,  at  least  qualitatively,  those  instances  in  which  the  a  vs.  T  slope  in¬ 
creases  with  increasing  temperature.  Whereas  below  a  certain  temperature 
limit  conduction  is  maintained  mainly  by  electromorphic  ions,  above  that 
limit  dissociation  becomes  so  pronounced  that  electrolytic  ions  become 

P  An  example  of  this  kind  is  shown  in  Fig.  4,  where  log  <j  is  plotted  against 
10s/7'  The  curve  refers  to  isooctane  at  a  field  stress  of  4000  volts/cm.,  as 
obtained  by  Pao  (9).  Between  -78  and  - 18“  O  the  conductivity  incm^es 
in  the  ratio  1:3,  the  variation  (10)  of  „  for  a  differential  of  00  C.  being  1. 2 
Between  0  and  60°C.,  however,  the  variation  of  <r  is  1 : 16,  far  exceeding  t  la 

of.  This  shows  that  in  this  range  another  effect  must  be  operative. 

It  low  temperatures,  hydrocarbon  mixtures  which  ^-dua  ly  solid,  y, 
show  a  peculiar  v  vs.  T  relation,  first  observed  by  Gemant  (11)  for  hydio 
carbon  oils  and  later  by  Jackson  (12)  for  paraffin  wax.  The  writers  curve 
or*  heavy  hydrocarbon  oil  (,  -  100  poise  at  35°C )  as  used  ,n  the  cable 
industry,  is  shown  in  Fig.  5.  Down  to  -30°C.  the  behavior  is  regula, ,  the 
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"A 

Fig.  4.  Electrical  conductivity  of  isooctane  vs.  temperature.  After  Pao. 


tl,e  considerable  increase  in  viscosity. 

further,  down  to  -65*C  “7“  at  ~45°C-  and  still 

there  is  again  the  regular  decrease  of  <7. 
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There  can  be  little  doubt  that  this  peculiar  behavior  is  related  to  the 
inhomogeneity  of  the  oil  in  this  range:  one  component  after  the  other  gradu¬ 
ally  crystallizes  out  of  the  mixture.  Such  a  mixture  of  a  liquid  and  a  crystal¬ 
line  phase  should  theoretically  and  does,  indeed,  show  large  absorption  cur¬ 
rents.  The  arrangement  used  in  these  experiments  was  such  as  to  exclude 
these  absorption  currents  from  the  data  shown  in  Fig.  5.  The  writer  ex¬ 
plained  the  maximum  in  the  curve  by  a  conductivity  of  the  crystalline 
phase  slightly  higher  than  that  of  the  liquid  phase.  The  correctness  of  this 
assumption  has  not  yet  been  checked  on  an  experimental  basis. 


SQUARE  ROOT  OF  FIELD  INTENSITY  'i'J// CM . 

Fig  6  Current  density  in  toluene  vs.  field  intensity.  Ni  electrodes,  in  the  presence 
of  Oo.  Temperature  45°C.  After  Baker  and  Boltz. 

The  conductivity  is  further  a  function  of  the  field  intensity.  Up  to  fields 
of  about  10  kv./cm.  the  conductivity  of  hydrocarbons  is  constant;  from 
there  on  a  rather  rapid  increase  with  increase  of  field  intensity  takes  place. 
As  an  illustration  of  this  behavior,  a  typical  curve  for  toluene,  as  obtained 
bv  Baker  and  lloltz  (13),  is  shown  in  Fig.  0.  The  abscissa  is  the  square  root 

».  conductivity  .  X 

ductivity  suddenly  rises  to  5  X  10  and  at  lou  kv./c 

^Electrolytic  ions  exhibit  .t  «eld  effect  ‘tow'ty  WeT^d 

ScWe"andadelewith  theoretically  by  Onsager  (15).  According  to 
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some  authors,  Plumley  (16)  for  instance,  the  pronounced  effect  noticeable 
in  hydrocarbons  is  due  to  the  same  cause.  Although  this  question  is  not 
definitely  settled,  it  is  probable  that  only  the  initial  increase,  below  150  on 
Fig.  6,  may  be  due  to  such  a  cause.  Experiments  carried  out  with  well-de¬ 
fined  solutions  of  weak  electrolytes  indicate  that  the  magnitude  of  the  effect 
is  moderate.  With  acetic  acid  in  water  at  250  kv./cm.  Schiele  found  an  in¬ 
crease  of  conductivity  only  16%  above  that  obtained  with  low  fields.  With 
solutions  of  picric  acid  in  benzene  at  42  kv./cm.  the  writer  (17)  observed  an 
increase  of  50  to  100%.  Against  these  data  Baker  observed  a  sudden  in¬ 
crease  at  a  ratio  500: 1,  and  a  final  increase  at  a  ratio  6  X  104 : 1  as  shown  in 
Fig.  6.  It  is  safe  perhaps  to  say  that  this  appreciable  rise  in  conductivity  is 
due  to  another  effect  and  is  not  caused  by  an  increased  ionic  dissociation. 

The  major  portion  of  the  field  effect  is  probably  due  to  electronic  emission 
from  the  cathode;  these  electrons  subsequently  impinge  upon  the  molecules 
of  the  liquid  and  form  ions  of  the  type  we  have  called  electromorphic.  It  is 
also  possible  that  part  of  the  electrons  contribute,  as  such,  to  the  conduc¬ 
tivity  before  they  become  attached  to  organic  molecules.  In  favor  of  this 
explanation  is  the  fact  that  the  material  and  surface  condition  of  the  cathode 
strongly  influence  the  conductivity;  the  gas  adsorbed  by  the  cathode  also 
affects  the  conductivity  values.  All  these  factors  determine  the  value  of  the 
electionic  work  function,  and  hence  the  electronic  yield  for  any  given  field. 

The  specific  mechanism  by  which  electrons  are  liberated  from  the  cathode 
is  not  definitely  established.  Baker  and  Boltz  assume  thermionic  emission 

with  the  Schottky  correction;  one  then  has  for  the  current  vs.  field  charac¬ 
teristic 


iog10  {i/to)  =  1.91  VED/T 

i  =  current  density  at  field  E,i0  =  initial  current  density,  D  =  dielectric 
constant  of  liquid,  T  =  absolute  temperature.  With  D  =  2.39,  the  slope  in 
ig.  6  where  the  ordinates  are  log  i  and  the  abscissa  VE  should  be  9  3  X 
10  and  the  upper  straight  portion  has,  indeed,  this  required  value.  Other 

the  latte  '!/  (  )  f°r  nStanC6’  Prefer  other  “Potions.  According  to 
the  latter  author  who  obtamed  current-field  characteristics  for  benzene 

X  heptane,  cold  cathode  emission  due  to  the  high  field  at  the  interface 
genet&n  J IT  ““  °f ' electrons  secondary 

a  C°ndUCtiVity  °f 

understand  tLr.  Hu.  f  f  ,  V  dilution  m  this  connect  on  we 

rnmmmm m 

yp  b  o  ions,  pieviously  discussed,  will  behave  differently 
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with  regard  to  dilution.  The  concentration  of  electromorphic  ions  and  the 
conductivity  due  to  such  ions  decrease  linearly  with  increasing  dilution. 
This  is  generally  not  the  case  with  electrolytic  ions.  If  the  mass  action  law 
holds,  then  the  ion  concentration  decreases  with  the  square  root  of  dilution; 
the  same  relation  holds  true  for  the  conductivity.  As  a  rule,  however,  the 
simple  mass  action  law  is  complicated  by  complex  formations  between  un¬ 
dissociated  molecules,  between  ions,  or  between  ions  and  molecules.  The 
relation  between  conductivity  and  dilution  in  these  cases  might  assume  a 


Fig.  7.  Conductivity  of  four  deteriorated  transformer  oils  vs.  dilution.  Data  of 
Gemant. 

|awe  variety  of  mathematical  functions  including  a  linear  function.  If  then 
in  a  given  instance  a  nonlinear  relation  between  <x  and  dilution  is  found U>  ; 
may  conclude  that  electrolytic  ions  dominate  the  picture. 
hand,  the  relation  is  linear,  there  is  quite  a  probability,  although  n 
tainty,  that  mainly  electromorphic  ions  are  present. 

As  an  illustration,  Fig.  7  is  given;  it  presen  s  data  of  he  writer  (1£ 
The  curves  refer  to  four  transformer  oils  that  had  detenu 
and  were  subsequently  diluted  with  a  new  high-grade 

plot,  conductivity  vs.  dilution,  is  bilogaiithmic ,  in  sue  jotted  line. 

Ln  is  characterized  by  a  slope  of  45  degrees,  as  shown  by  the  dotted 
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The  slopes  of  the  curves  for  the  four  different  oils  are  very  close,  indeed,  to 
the  linear  slope,  indicating  the  possible  presence  in  the  oils  investigated  of 
the  electromorphic  type  of  ions.  Instances  of  solutions  containing  electro¬ 
lytic  type  of  ions  will  be  given  in  a  later  section  (see  Fig.  15). 

2.  ARTIFICIAL  CONDUCTIVITY 

Up  to  this  point  we  have  discussed  the  influence  on  the  conductivity  of 
hydrocarbons  of  such  factors  as  time,  temperature,  field  intensity,  and 
dilution.  The  main  question,  the  chemical  nature  of  the  ions,  has  not  yet 
been  ascertained.  A  possible  way  of  obtaining  information  on  this  point  is  to 
investigate  the  three  main  external  agents  that  increase  the  conductivity 
artificially.  By  this  means  it  is  hoped  that  more  light  will  be  thrown  upon  the 
natural  electrical  conductivity  as  well,  including  the  chemical  nature  of  its 
carriers. 

The  first  external  agent  to  be  considered  is  electromagnetic  radiation  of 
highest  known  frequencies,  namely  X,  y,  and  secondary  cosmic  rays. 

The  mechanism  of  production  of  ions  by  radiation  is  not  definitely  estab¬ 
lished.  The  primary  process  is  certainly  ionization  of  the  molecules,  but  it  is 
probable  that  the  breaking  up  of  molecules  into  smaller  fragments  also 
takes  place ;  these  fragments  might  assume  electric  charges  secondarily.  The 
ions  produced  are  of  the  electromorphic  type  since  their  number  is  not 
determined  by  the  concentration  of  compounds  originally  present.  They 
lecombine  rapidly  to  a  certain  extent,  but  have,  partly  at  least,  a  remark¬ 
ably  long  life.  Ihe  final  result  of  these  structural  changes  is  stable  com¬ 
pounds,  as  is  known  from  photochemistry;  it  appears  that  the  intermediate 
molecules  are  those  that  lead  to  the  formation  of  electromorphic  ions. 

This  qualitative  picture  is  borne  out  by  experiments.  Figure  8  shows  the 
conductivity  of  paraffin  wax  (6)  after  it  had  been  irradiated  for  72  hours  by 
2  mg  of  radium.  The  curve  may  be  compared  with  the  corresponding  Fig. 
2  which  refers  to  the  natural  conductivity  of  paraffin  wax.  The  ratio  of  the  1 
minute  values  is  14: 1  in  favor  of  the  irradiated  sample;  the  ratio  of  the  7 
minute  values  is  only  6:1.  Thus,  there  is  a  considerable  initial  increase,  due 

but  Dartofth  hf  ,1Uml,5er  °f  10ns;  they  recombine  Partly  rather  rapidly, 
but  pait  of  the  ions  formed  apparently  persist  for  a  longer  time 

operated  S  kTi  Scis‘,0wski- the  effect  of  x-rays.  The  x-ray  tube  was 

anticaftodt  and  Ihe  T  ‘  CU1Tent  °f  3  ma  ’ the  d*tance  between  the 

field  intensity  ef  4  1  i  'w"  Wax.TnP'e.  WaS  12  Cm'  Curve  A  was  taken  at  a 
e  a  intensity  of  4.1  kv./cm.  without  irradiation.  The  high  values  of  tfip 

Th,  .i«..  «»,„  n,  s; 
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TIME  ,  MINUTES 

Fig.  8.  Conductivity  vs.  time.  Paraffin  wax,  after  irradiation  by  12  mg.  Ra  at  3  cm. 
distance  from  sample  for  72  hours.  After  Seislowski. 


(A)  Without  irradiation. 

(B)  Irradiated  by  X-rays  during  the  first  7$  minutes. 

After  Seislowski. 

times  higher  than  in  the  previous  case,  since  ions  are  permanently  generated. 
After  7J  minutes,  irradiation  was  stopped,  and  more  ions  were  swept  out 
from  the  space  between  the  electrodes,  as  may  he  seen.  these  data  could 
be  used  for  a  quantitative  evaluation  of  the  effect,  and  a  determination  of 


ELECTRICAL  PROPERTIES  OF  HYDROCARBONS 


227 


the  efficiency  of  ion  generation  in  terms  of  number  of  photons  passing 
through  unit  volume  for  each  ion  generated. 

Figure  10  shows  data  of  Pao  on  isooctane;  the  curves  give  current  density 
vs.  field  intensity.  Curves  A  (electrode  gap  0.26  cm.)  and  B  (gap  0.053  cm.) 
refer  to  samples  irradiated  by  2  mg.  radium ;  curve  C  refers  to  a  sample  with¬ 
out  irradiation.  The  ratio  between  currents  with  and  without  irradiation  is 
of  the  order  of  magnitude  50: 1.  The  different  character  of  the  curves  is  very 
instructive.  Without  irradiation  there  is  a  sharp  upward  trend  above  12  lev./ 
cm.,  as  explained  in  the  previous  section.  With  irradiation  this  effect,  al¬ 
though  present,  is  completely  masked  by  a  downward  trend,  typical  of 
saturation.  In  spite  of  an  increase  of  the  field  intensity,  the  current  does  not 


MtLU  ,  KV,/  CM. 


m_Fp'  Cur^nt  density  in  isooctane  vs.  field  intensity.  A  and  B  irradiated  bv  2 
Afte?Pao0P  °n  °'  electrodes  0  26  om-  >■»  A,  0.053  cm.  in  B.  C  without  irradiation' 


inciease  beyond  a  value  corresponding  to  the  number  of  ions  generated  by 
the  radiation  per  unit  of  time.  It  also  may  be  seen  that  the  currents  with 
irradiation  increase  about  four  times  when  the  width  of  the  gap  is  increased 
ve  times.  1  Ins  shows  that  the  radiation  is  essentially  a  volume  effect-  the 

ions  generated  are  proportional  to  the  volume  between  the  e7ctrode  that 
is,  to  the  electrode  distance.  ’ 

In  this  connection,  a  fundamental  question  deserves  mention  If  ™di  ,t; 
increases  the  conductivity  to  the  extent  shown  SS  7 

ual  conductivity  is  due  merely  to  cosmic  nuiiatilnTw^  h  „  ' ‘ Tt 

h" k «  * “*■ iH  a"  ^ 

“  *  -  *-».  »i  *  ~  vsrjirs.  sas 
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wave  length  of  x-rays  extends  from  100  to  0.1  A.,  and  that  of  y-rays  ranges 
from  1  to  10~2  A.,  these  secondary  cosmic  rays  range  from  10~2  to  10~4  A. 
The  results  taken  from  existing  literature  indicate  that  a  large  fraction  of 
the  conductivity  of  highly  purified  hydrocarbons  is  due  to  cosmic  rays,  but 
that  a  certain  finite  fraction  is  independent  of  any  radiation. 

Moulinier  (20)  observed  that  the  conductivity  of  purified  hexane,  when 
surrounded  by  6  cm.  of  lead,  dropped  to  9  X  10-20  mho/cm.  Rogozinski  (21) 
carried  out  a  quantitative  study  of  hexane  along  these  lines.  He  obtained 
currents  i  in  the  laboratory  and  also  (i')  in  a  space  shielded  by  1  m.  of 
water.  In  a  preliminary  test  his  ionization  chamber  was  filled  with  argon  at 
90  atmospheres;  the  ratio  i'/i  in  this  case  was  identified  with  the  ratio  of 
the  cosmic  radiation  intensities  in  the  two  rooms.  The  ratio  was  k  =  0.44. 
He  then  replaced  the  argon  by  hexane  and  measured  the  two  currents  i  and 
i'.  If  the  natural  current  is  denoted  by  to,  and  that  induced  by  radiation  by 
ir,  we  have  in  the  unshielded  space 

to  +  ir  =  i 

and  in  the  shielded  space 

to  T  kir  —  i' 


from  which 


io/i  =  [(i'/i)  ~  W(1  -  k) 


(6) 


With  i'/i  =  0.53,  io/i  was  0.16;  i.e.,  16%  of  the  current  was  due  to  ions 
present  in  the  hexane,  and  84%  was  due  to  radiation. 

As  a  second  external  agent,  bombardment  by  'particles  is  considered,  lheie 
is  an  extensive  literature  (5)  with  reference  to  gaseous  hydrocarbons  sub¬ 
jected  to  electric  discharge  in  the  course  of  which  the  molecules  are  bom¬ 
barded  by  electrons  and  ions.  As  a  result  of  such  bombardment,  ionic  com¬ 
ponents  are  found  among  the  discharge  products  which  have  partly  lower 
and  partly  higher  molecular  weights  than  the  starting  material.  Analysis  of 
these  products  is  carried  out  successfully  by  means  of  the  mass  spectro- 

grThe  increase  of  conductivity  resulting  from  electronic  bombardment  of 
liquid  hydrocarbons  has  been  studied  chiefly  in  connection  with  high  voltage 
cables  in  which  the  oil  is  often  subjected  to  a  corona  discharge  in  the  minute 
voids  present  in  the  insulation.  Figure  11  illustrates  the  effect  as  obtained 
by  Sticher  and  Thomas  (22),  on  n-hexadecane  C,,H«  and  decalm  (deca  y 
dronaphthalene)  C,„H„.  The  graph  shows  the  electric  conductivity  <r  . 
computed  from  the  00-cycle  loss  factor  tan  S  according  to  the  equatio 

a  =  fD{ tan  5)/2 


(7) 
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where  /  =  frequency  of  A.  C.  and  D  =  dielectric  constant.  The  abscissa  is 
the  temperature.  The  conductivity  increases  about  100  times  as  a  result  of 
bombardment  in  a  discharge  tube  at  15  kv.,  GO  cycles,  for  4  hours. 

The  nature  of  the  ions  formed  is  not  known  with  certainty.  A  large  part 
is  of  the  electromorphic  type  since  application  of  D.C.  causes  an  appreciable 
drop  in  conductivity,  as  may  be  seen  from  Fig.  12,  which  refers  to  bom¬ 
barded  decalin  tested  at  50°C.  with  A.C.  After  D.C.  has  been  applied  foi  30 
minutes,  the  conductivity  drops  from  9  X  10~12  to  3  X  10~12.  It  is  interest¬ 
ing  to  note  that  the  ions  swept  toward  the  electrodes  are  not  removed  from 


TEMPERATURE, C 

Fig.  11.  Electrical  conductivity  vs.  temperature. 

(A)  n-Hexadecane  before  electronic  bombardment. 

(B)  n-Hexadecane  after  electronic  bombardment. 

(C)  Decalin  before  electronic  bombardment. 

(D)  Decalin  after  electronic  bombardment. 

After  Sticher  and  Thomas. 


the  liquid;  after  A.C.  has  been  established  the  conductivity  is  restored,  prob¬ 
ably  by  a  rediffusion  process,  within  about  150  minutes. 

Sticher  and  Piper  (23)  analyzed  the  bombarded  decalin  samples  and 
found  by  means  of  cryoscopic  tests  that  polymerization  had  taken  place  as 

LTthl  /  T."*'011  f  eleCfr°nS-  The  aVCTage  order  of  Polymerization  was 
.  3-  lh,s  1S  a  tyP,cal  case  ln  which  ion  generation  caused  by  an  ex- 

pTesent  moleXted  ^  “  aggregation  of  the  "Anally 

n„tffiUantitanVe,  experimental  study  on  the  primary  ionization  of  solid 

T  Ca,Tied  °Ut  by  the  writer  <23a>  using 
ectrons  emitted  by  uranium  and  carbon  14.  Fig.  12a  shows  the  rise  of 

onduct.vity  dunng  .rradiation  by  a  C  14  source,  and  its  decrease  after 
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removal  of  the  source.  By  means  of  a  simple  theory  the  solid  lines  on  Fig. 
12a  were  calculated;  interpretation  of  all  experimental  data  then  permitted 
e\  aluation  ot  the  ionic  mobility  in  paraffin  and  the  efficiency  of  ion  pair 
production.  The  mobility  is  of  the  order  of  5  X  10-8  cm./sec.  per  volt/cm., 
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Fig.  12.  A.  C.  conductivity  vs.  time  for  decalin  that  had  been  bombarded  by  elec¬ 
trons.  After  60  minutes,  D.C.  (7.2  kv./cm.)  was  applied  for  30  minutes.  Temperature 
50°C.  After  Sticher  and  Thomas. 


Gemant. 


a  relatively  high  figure.  The  efficiency  is  a  few  hundred  ion  pairs  per  Mev 
absorbed;  this  figure  refers  only  to  small  primary  ions  ot  relatively  long- 
mean  life,  detectable  by  the  conductivity  method.  No  ionization  was  found 
in  polystyrene  and  tetrafluoroethylene. 
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The  third  external  agent  causing  high  conductivity  is  the  presence  of 
chemical  admixtures.  Oxidation  products  are  the  most  frequent  and  most 
typical  compounds  causing  increased  conductivity.  As  an  example,  Fig.  13 
is  presented;  it  shows,  after  Balsbaugh  et  al.  (24),  the  conductivity  of  ce¬ 
tane,  Ci6H34,  as  a  function  of  oxygen  absorbed  at  85°  C.  in  the  presence  ol 
copper.  The  initial  conductivity,  10“13  mho/cm.,  is  relatively  high  because 
of  the  elevated  temperature.  The  initial  sharp  rise,  followed  by  a  drop,  and 
a  subsequent  gradual  rise  was  observed  in  many  other  instances  as  well. The 
explanation  is  not  obvious;  it  is  significant,  however,  that  the  dielectric 
constant  D  remains  unchanged  (about  2.0)  during  the  first  period,  and  rises 
gradually  up  to  about  2.15  during  the  second.  As  will  be  shown  in  the  next 
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section,  higher  values  of  D  are  due  to  polar  compounds,  and  it  appears  that 
only  m  the  second  stages  are  polar  molecules  formed.  Since  electrolytic  ions 
are  produced  by  polar  compounds  only,  it  would  seem  that  such  ions  charac¬ 
ter, ze  the  second  stage  of  oxidation.  It  has  been  suggested  that  the  first 
olefin) ’  °X'da"0''  corresPonds  to  a  dehydrogenation  of  the  paraffins  to  form 

the  l  tHe  lons,formed  as  a  reslllt  °f  this  structural  change  are  possibly  of 
the  electron*  type  as  formed  by  radiation  or  electronic  collision 

in  whichTh  C“nd“t!v,ty  1,1  hydrocarbons  is  observed  also  under  conditions 
»  «h,ch  the  liquid  becomes  heterogeneous,  containing  colloidal  particles 
Bormann  and  Gemant  (17)  observed  conductivities  up  to  4  X 

had  0il  t0  Which  °f ' alcoholand  0.1%  picric  iSd 

been  added,  the  max.mum  loss  factor  occurring  in  the  neighborhood  of 
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^  20  C.,  at  which  temperature  the  solution  formed  a  two-phase  mixture. 
This  subject  was  explored  in  a  series  of  extensive  researches  by  J.  D.  Piper 
and  coworkers  (25). 

A  typical  example,  taken  irom  Piper’s  data,  is  shown  in  Fig.  14.  The  con¬ 
ducts  ity  of  a  0.042%  formic  acid  solution  in  liquid  paraffin  is  plotted  vs. 
the  temperature.  Both  A.  C.  (GO  cycle)  and  D.  C.  conductivities  are  given, 
and  it  may  be  seen  that  they  both  rise  sharply  when  the  clear  solution  is 
cooled  below  60°  C.,  at  which  point  the  liquid  becomes  cloudy.  The  excess 
of  the  A.  C.  over  the  D.  C.  curve  (a  very  frequent  observation)  indicates  the 
presence  of  specific  A.  C.  losses  caused  partly  by  rotation  of  dipoles  and 
partly  by  charging  currents  across  internal  surfaces  (Maxwell-Wagner 


Fig.  14.  A.  C.  and  D.  C.  conductivity  vs.  temperature  of  0.042%  formic  acid  solu¬ 
tion  in  liquid  paraffin.  After  Piper  et  al. 


mechanism).  Piper’s  calculations  indicate  that  the  latter  is  significant  only 
if  the  solute  is  present  at  a  rather  high  concentration. 

The  I).  C.  conductivity  apparent  in  such  systems  is  probably  caused  by 
cataphoresis.  The  colloidal  particles,  because  of  an  electrical  double  layer 
at  their  boundary,  migrate  in  an  electric  field,  and  hence  contribute  to  the 
current.  Cataphoresis  in  aqueous  solutions  usually  adds  only  a  small  frac¬ 
tion  to  the  large  bulk  conductivity,  but  in  hydrocarbons  this  component 
may  be  dominating.  The  ions  causing  the  electric  double  layer  may  belong 

to  either  of  the  two  main  types  considered. 

Are  there  well-defined  electrolytic  solutions  in  homogeneous  hydrocar¬ 
bons?  It  might  be  thought  that  organic  acids,  chemically  detectab  e  in 
oxidized  hydrocarbons,  dissociate  into  H+  ions  and  an  anion,  causing  con¬ 
ductivities  as  observed  by  Balsbaugh,  among  others.  Piper  s  researches  in- 
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dicated  that  carboxylic  acids  generally  cause  high  conductivities  only  when 
the  system  separates  into  two  phases;  the  electrolytic  dissociation  in  itself 
is  not  sufficiently  strong  to  produce  an  appreciable  number  of  ions.  Only 
strong,  yet  oil-soluble  acids— for  example,  lauryl  sulfonic  acid— were  found 
(25)  to  produce  conductivities  of  lO"12  mho/cm.  at  moderate  concentrations 
and  near  room  temperature. 

The  writer  tried  to  clarify  the  question  just  mentioned  by  introducing 
(19)  e.m.f.  measurements  in  hydrocarbon  investigations.  In  the  electro¬ 
chemistry  of  aqueous  solutions  potentiometric  determinations  are  of  great 
value  in  that  they  permit  the  identification  and  the  measurement  of  con¬ 
centration  of  certain  ions  for  which  reversible  electrodes  exist.  The  glass 
electrode,  known  to  be  a  reversible  hydrogen  electrode  in  aqueous  solutions, 
was  tried  successfully  in  hydrocarbon  solvents,  such  as  xylene,  and  oils. 
Solutions  of  lauryl  sulfonic  acid,  for  example,  gave  potentials  e  against  the 
glass  electrode  that  agreed  with  the  equation 

c  =  118(1  -  tH )  logio  (ci/c&)  (8) 


where  e  is  given  in  mv.,  tB  is  the  transference  number  of  the  hydrogen  ions, 
and  ci  and  c2  are  the  concentrations  of  H+  ions  in  the  two  halves  of  a  con¬ 
centration  cell. 

When  the  hydrogen  electrode  was  used  in  oils  that  were  oxidized,  an  in¬ 
definite  and  low  level  of  H+  ions  was  indicated,  giving  direct  proof  that  the 
high  conductivity  in  such  hydrocarbons  is  not  caused  by  dissociation  of  an 
acid.  It  was  concluded  that  the  cations,  like  the  anions,  must  be  organic. 
I  he  most  common  type  of  organic  cations  are  amines;  and  amines  in  com¬ 


bination  with  aliphatic  acids  were  found  to  form  electrolytic  ions  in  hydro¬ 
carbons  even  at  room  temperature  and  concentrations  of  about  0.03  molar  if 
a  third  compound,  a  phenolic,  was  added.  Figure  15  shows  some  of  the 
xv liter  s  data  on  such  solutions  in  a  hydrocarbon.  An  interpretation  of  these 


curves  seems  to  indicate  that  1  molecule  of  amine,  1  molecule  of  acid,  and  3 
molecules  of  phenol  combine  to  form  an  addition  compound  which  subse¬ 
quently  dissociates  electrolytically  into  a  positive  and  a  negative  ion.  While 
the  order  of  magnitude  of  the  dissociation  constant  is  10~18,  that  of  the 
association  constant  of  the  three  compounds  is  104.  As  a  further  proof  of  the 
electrolytic  nature  of  these  solutions  the  writer  has  used  special  electrodes 
for  potentiometric  determination  of  the  negative  ions  in  hydrocarbon  solu¬ 
tions  of  the  type  described. 

Such  electrodes  were  made  of  silver  coated  with  an  organic  silver  salt 
such  as  silver  propionate  or  myristate  (25a).  Such  an  electrode,  an  analogue 
of  the  familiar  Ag-Ag  Cl  electrode,  indicates  the  concentration  of  aliphatic 
tion  ™HnS  b.y  *ts  P°‘entlal-  Measurements  on  concentration  cells  with  solu- 
JUSt  descrlbed  “d  with  an  identical  concentration  of  o-cresol 
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CONCENTRATION  ,  MOLE  /  LIT 

Fig.  15.  Conductivity  vs.  concentration  of  solutions  in  hydrocarbon  oil.  Room 
temperature.  Varying  concentration  of  (1)  myristic  acid,  (2)  tributylamine,  (3)  a- 
naphthol ;  the  other  two  compounds  in  each  case  being  0.05  mole/liter.  After  Gemant. 


Fig.  16.  Potential  vs.  logarithm. of  conductivity  ratio  of  concentration  cells  with 
propionate  solutions  in  oil;  according  to  Gemant. 

Curve  1:  Identical  cresol  concentration,  both  sides. 

Curve  2,  3:  Constant  difference  in  cresol  content. 


ELECTRICAL  PROPERTIES  OF  HYDROCARBONS 


235 


throughout  are  shown  in  curve  1  of  Fig.  16.  The  agreement  of  the  slope  with 
theory  proves  the  presence  of  aliphatic  acid  anions  in  these  solutions  in 
hydrocarbon  oil.  In  the  series  shown  by  curves  2  and  3  the  solutions  having 
lower  conductivity  contained  also  a  lower  concentration  of  o-cresol ;  the 
shift  of  the  curves  toward  lower  potentials  is  explainable  by  theory. 

If  an  oxidized  hydrocarbon  oil  is  now  measured  by  means  of  such  elec¬ 
trodes  against  a  reference  solution  containing  acid,  amine,  and  cresol,  a 
negative  potential  is  obtained  as  indicated  by  the  lowest  point  on  curve  2, 
Fig.  17.  Adding  successive  amounts  of  cresol  to  the  oxidized  oil,  the  meas- 


PIG- }]  •  Potential  vs.  logarithm  of  conductivity  ratio  of  cells  with  a  reference 
tion.  After  Gemant. 

Curve  1 :  Same  as  curve  1  of  Fig.  16. 

Curve  2:  Oxidized  oil  with  increasing  cresol  content, 
urve  3:  Oxidized  oil  at  different  dilutions  and  constant  cresol  content. 


solu- 


ured  potential  approaches  the  “normal”  level.  (Curve  1  of  Fig.  17  is  identi¬ 
cal  with  curve  1  of  Fig.  16.)  Diluting  this  solution  with  pure  oil,  but  keeping 
its  cresol  concentration  constant,  curve  3  is  obtained  which  has  a 
trend  rather  close  to  curve  1.  These  results  indicate  that  the  negative  ions  in 
oxidized  hydrocarbon  oils  are  very  likely  anions  of  aliphatic  acids. 

1  the  ions  in  these  solutions  are  electrolytic,  as  assumed,  their  size  must 

^nnni°  TV1  al+rd  COll°ldaL  An  indirect  support  of  this  statement  was 
;  ,P  !ed  the  wnter  by  measuring  the  diffusion  coefficient  of  C  14  la¬ 
belled  tridecanoic  acid  in  an  oil  in  the  presence  of  an  amine  and  a  phenol 
‘  neu  tracer  method  developed  for  this  purpose  (25b)  was  used;  the 
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molecular  radius  was  computed  by  means  of  Stokes’  law  from  the  diffusion 
coefficient.  The  radius  of  the  labelled  compound  increased  with  time  from 
4  to  8  A.,  substantiating  the  view  that  moderately  large  molecular  addition 
compounds  are  formed.  Ions  originating  from  such  compounds  are  most 
likely  of  comparable  size. 

III.  Dielectric  Constant 

1  lie  dielectric  constant  D  is  determined  by  the  polarizability  a  according 
to  the  relation 


3_  D  -  1 
4tt  '  D~^2 


The  polarizability  a  is  the  sum  of  two  components: 


(9) 


a  —  or0  +  ad  (10) 

where  ao  is  due  to  electronic  and  atomic  polarization  and  ad  to  dipolar  rota¬ 
tion.  In  hydrocarbons  generally  ad  <jC  <*o.  Instead  of  a  the  related  quantity 
P,  called  molar  polarization,  is  often  used: 


P  =  (47rilf/3p)o:  (11) 

(M  =  molecular  weight,  p  =  density).  Combining  9  and  11,  one  has: 

M  D  -  1 

p 


P  = 


(12) 


D  +  2 

If  ad  —  0,  which  is  the  case  for  many  hydrocarbons,  and  in  the  optical 
frequency  range  for  all  substances,  Maxwell’s  relation 

D  =  n2  (13) 


(n  =  refractive  index)  holds.  P  is  then  called  molar  refraction,  and  is  de¬ 
noted  by  R : 


M  n2  -  1 
p  n2  ~b  2 


(14) 


As  to  ad,  according  to  Debye 

ad  =  NpfP/SMkT  (15) 

(N  =  Avogadro’s  number,  6.06  X  1023,  p  =  dipole  moment  of  dipolar  mole¬ 
cules,  k  =  Boltzmann’s  constant  =  1.38  X  10-16,  T  =  temperature  in 

degrees  K.)  .  .  . 

From  these  relations  it  may  be  seen  that  the  basic  quantities  n  and  p 

determine  the  dielectric  constant.  Concerning  the  former  it  is  assumed  (5) 
that  each  bond  in  the  molecule  contributes  an  additive  term  to  R.  Foi  hy- 
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drocarbons  only  a  few  bonds,  as  shown  in  Table  I,  have  to  be  considered.  By 
means  of 


It  =  (47ril//3p)ao 


(11a) 


«o  can  be  computed  from  R. 


TABLE  I 


Bond  Refractions  in 

Hydrocarbons 

Bond 

R 

C— H 

1.70 

C-C 

1.21 

C=C 

4.15 

C^C 

6.02 

TABLE  II 


Dielectric  Constants  and  Dipole  Moments  of  Hydrocarbons 


Compound 

Dielectric  constant 
(room  temp.) 

Dipole  moment  in 
Debye  units 

Refractive  index 
(room  temp.) 

1,3-Pentadiene . 

2.319 

2.098 

2.272 

2.224 

2.012 

1.878 

9 

n  cn 

1.440 

1.422 

Isoprene . 

U.  OU 

0.15 

0.00 

0.31 

0.00 

0.00 

0.39 

0.58 

0.37 

0.12 

0.00 

Benzene . 

2,4-Hexadiene . 

1.501 

Cyclohexane . 

1.438 

Hexane . 

1.429 

Toluene . 

1.375 

o-Xylene . 

6.0  i 

9  ^£3 

1.497 

m-Xylene . 

•  OOo 

9  371 

1.507 

p-Xylene . 

6.01  1 

9  9AG 

1.499 

Naphthalene.  .  . 

6 .  zoy 

9 

1.494 

Tetralin .... 

6 .  OU 

1.582100 

Decalin.  . 

6. 

o  in 

1.66 

1.546 

Dibutylacetylene. .  . 

6.  104 

9  1  73 

0.00 

0.00 

0.00 

1.470 

Diamylacetylene .  . 

6.110 

9  171 

1.431 

Polyethylene. . 

6.1il 

9  qg 

1.437 

Polystyrene ... 

6.  oU 

0.00 

1.52 

— 

^ .  OO 

0.00 

1.59 

Concerning  M,  the  dipole  moment  (measured  in  10~18  esn  _  n  , 
Debye  units),  there  is  a  similar  procedure  with  the  rliff  In  1  so-called 
tion  of  the  terms  resulting  from  indTviZl  f ^  that  the  addi~ 

algebraic.  For  hydroca^^  not 

because  of  the  smallness  of  Sidewiolc  (9m  •  llttIe  S1gmficance 

each  C — H  bond;  if  the  strucZe  of  tlZ  f }  i  T  the  m°ment  °‘2  to 
lated  by  vector  addition  molecule  is  known  M  can  be  ealeu- 

As  an  illustration  of  the  above  statements,  Table  II  gives  the  dielectric 
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constant,  the  dipole  moment,  and  the  refractive  index  for  a  number  of  hy¬ 
drocarbons  (2,  27).  The  dipole  moments  are  generally  small,  in  many  in¬ 
stances  zero.  As  an  example  of  the  latter  case,  let  us  consider  benzene.  Cal¬ 
culation  of  R  from  Table  I  yields  2G.28,  which  agrees  well  with  the  value 
26.25  as  obtained  from  equation  (14)  using  M  =  78.11  and  p  =  0.879. 
Equation  (13)  yields  2.25  for  the  dielectric  constant  as  compared  with  the 
measured  value  2.27. 

For  the  compounds  with  finite  p  it  may  be  seen  that  with  increasing  dipole 
moment  D  increases  and  in  particular  its  excess  above  n2  becomes  larger. 
As  an  example  of  a  dipolar  hydrocarbon,  o-xylene  is  taken.  The  value  of  R 
from  Table  I  is  35.6,  and  from  equation  (14)  with  M  =  106.2  and  p  = 
0.874,  the  value  is  36.2.  Equation  (13)  obviously  does  not  hold  true.  From 
equation  (15)  ad  becomes  0.0138,  while  from  (11a)  a0  =  0.0707.  The  sum  o: 
is  then  0.0845,  of  which  the  dipolar  term  is  about  16%.  From  equation  (9) 
D  =  2.64,  as  compared  with  the  measured  value  2.55. 


IV.  Dielectric  Strength 

The  electric  strength  of  liquid  hydrocarbons  varies  from  300  to  1000  kv./ 
cm.  (peak  value)  according  to  their  degree  of  purity  and  the  condition  of 
the  electrodes.  The  electric  strength  of  polystyrene  and  polyethylene  is  300 
to  400  kv./cm.  Spreading  of  data  is  so  excessive  (±25%)  that  accurate 
values  cannot  be  assigned  to  individual  hydrocarbons.  The  values  obtained 
do  not  appear  to  approach  a  well-defined  maximum  with  increasing  purifica¬ 
tion. 

There  is  a  great  amount  of  information  about  the  dependence  of  break¬ 
down  strength  on  various  factors  (temperature,  pressure,  frequency  of  ap¬ 
plied  voltage,  time  of  application,  curvature  of  electrodes,  and  many  more). 
All  these  effects  can  be  explained  by  consideration  of  the  various  possible 
mechanisms  of  the  breakdown  in  liquid  insulators.  This  rather  extensive 
experimental  and  theoretical  material  cannot  be  presented  here  ;  the  reader 
is  referred  to  various  monographs,  for  instance  those  by  Nikuradse  oi 

GThTnteriture  of  the  past  ten  years  has  substantiated  one  particular  fact: 
that  the  breakdown  of  hydrocarbons  is  very  likely  electronic.  It  has  been 
shown  in  the  section  on  conductivity  that  at  high  fields  the  latter  increases 
exponentially  owing  to  electronic  emission  from  the  cathode,  the  electronic 
conduction  being  superimposed  upon  the  ionic  conduction  present  at  low 
fields  When  the  field  intensity  becomes  sufficiently  high  for  the  electrons  o 
acciuire  energies  of  a  few  electron-volts,  they  will  ionize  the  dielectric,  and 
breakdown  will  take  place.  Since  the  intermolecular  distance  or  the  mean 
frecDath  in  liquids  is  of  the  order  of  magnitude  10-  cm.,  a  field  of  0-  volt, 
lm  would" '  necessary  for  an  electron  to  acquire  1  e.v.  between  two  impacts. 
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Yet  the  actual  strength  is  105  to  106  volt/cm.  Von  Hippel  (28)  advanced 
the  theory  that  the  electrons  lose  their  energy  by  impact  only  when  the 
energy  is  below  a  limit  corresponding  to  the  “reststrahl”  frequency  fmax  of 
the  lattice.  When  this  limit  is  reached,  they  go  on  accumulating  energy  in 
spite  of  collisions,  until  the  ionization  energy  is  reached.  If  the  field  is  E , 
and  the  intermolecular  distance  a,  then  the  energy  of  the  electron  accumu¬ 
lated  between  impacts  is  eEa  (e  =  electronic  charge),  and  if  this  exceeds 
hfmax  ( h  =  Planck’s  constant),  breakdown  takes  place.  Thus  the  breakdown 
strength  Emax  is  given  by 


C  E max  C  Gflfn 


(16) 


(C  =  a  constant  somewhat  greater  than  1.0).  While  this  theory  is  valid  for 
ionic  lattices  only,  for  which  the  “reststrahl”  theory  of  Debye  was  de¬ 
veloped,  its  basic  idea  might  be  applied  to  liquids  as  well.  Attwood  (29)  dis¬ 
cusses  the  applicability  of  this  theory  to  carbon  tetrachloride;  no  attempt 
has  yet  been  made  to  apply  it  to  hydrocarbons. 

The  writer  considered  (30)  current-voltage  characteristics  of  the  type 
obtained  by  Baker  and  Boltz,  and  Dornte  (Fig.  6).  Experimental  results 
from  various  fields  show  that  instability  with  ensuing  failure  takes  place 
when  the  current  density  becomes  of  the  order  of  ICE4  amp./cm.2  With  these 
data  the  impulse  strength  of  hydrocarbon  oil  was  computed  as  530  kv./cm. 
compared  with  515  kv./cm.  as  measured  by  Sorensen  (31). 

Experimental  investigations  by  Race  (32)  complete  the  proof  that  hydro¬ 
carbon  breakdown  is  electronic.  He  shows  that,  even  after  continued  purifi- 
fi  cat  ion,  the  spread  of  Emax  values  is  considerable;  this  proves  that  the  con¬ 
dition  of  the  electrodes,  which  is  difficult  to  control,  determines  the  onset  of 
breakdown.  He  also  shows  by  means  of  oscillographic  measurements  that 
the  duration  of  breakdown  in  heptane  and  a  hydrocarbon  oil  is  only  part  of 

a  microsecond.  This  short  interval  is  compatible  only  with  an  electronic 
process.  ^ 
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Introduction 


Selective  solubility  in  a  solvent  has  been  used  since  the  early  days  of 
organic  chemistry  to  separate  two  or  more  substances.  The  operation  is 
relatively  simple  when  the  selectivity  is  substantially  complete,  as  in  the 
extraction  of  organic  compounds  from  water  and  salt  solutions  by  means 
of  ethers,  chloroform,  carbon  tetrachloride,  or  hydrocarbons.  Other  examples 
are  the  extraction  of  organic  bases  from  neutral  substances  by  means  of 
acids,  and  the  extraction  of  phenols  and  organic  acids  by  means  of  alkalies. 
The  latter  two  examples  are  usually  considered  chemical,  but  the  method  of 
operation  is  the  same  as  with  physical  extraction  and  the  reaction  may  be 
incomplete  unless  equilibria  are  shifted. 


The  separation  of  hydrocarbons  from  each  other  is  usually  much  less 
complete,  although  olefins  may  be  eliminated  from  mixtures  with  saturated 
hydrocarbons  by  acid  treatment,  or  by  complex  formation  with  salts  of 
mercury,  silver,  or  monovalent  copper.  The  latter  three  reagents  have 
the  imitations  of  irreversibility,  high  cost,  and  low  capacity,  respectively 
ith  stionger  acid  a  fair  separation  of  aromatics  may  be  accomplished.  In 
most  cases  these  chemical  methods  give  the  extract  in  a  form  recoverable 
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By  far  the  most  general  method  of  separation  of  hydrocarbons  is  frac¬ 
tional  distillation,  since  the  operation  normally  furnishes  its  own  pumping 
action.  Innumerable  forms  of  columns  and  other  modifications,  such  as 
pressure  and  vacuum  distillations,  and  azeotropic  and  extractive  distilla¬ 
tion  lui\  e  added  greatly  to  the  efficiency  of  separation.  The  last  two  methods 
are  closely  related  to  solvent  extraction  because  they  employ  selective  sol¬ 
vents  to  permit  a  separation  otherwise  almost  impossible  because  of  the 


small  difference  in  boiling  point.  A  voluminous  bibliography  on  azeotropic 
distillation  is  provided  by  Horsley  (91);  and  extractive  distillation  is  con¬ 
sidered  by  Randall  and  Longtin  (166),  by  Benedict  and  Rubin  (17),  and 
by  many  others.  These  are  essentially  engineering  problems,  and  will  not 
be  treated  further  in  this  chapter.  A  thermodynamic  interrelation  of  these 
various  means  of  separation  was  presented  recently  by  Hibshmann  (78). 

The  greater  simplicity  of  distillation  makes  it  logical  to  use  it  first,  so 
that  it  may  be  assumed  that  for  volatile  mixtures  the  charge  stock  for  solvent 
extraction  has  a  relatively  narrow  boiling  range.  This  operation  is  essen¬ 
tial  if  a  solvent  is  to  be  employed  such  as  sulfur  dioxide,  methanol,  or 
acetic  acid,  whose  selectivity  depends  as  much  on  boiling  point  as  upon  type 
of  hydrocarabon.  Otherwise  selectivity  for  compounds  of  different  boiling 
points  may  obscure  selectivity  for  compounds  of  different  chemical  types. 

Although  selectivity  for  the  desired  or  undesired  type  of  hydrocarbon  is  a 
requirement  for  a  solvent  to  be  considered,  many  other  factors  may  be 
equally  important  in  the  choice  of  a  selective  solvent,  e.g.,  cost  or  avail¬ 
ability,  stability,  ease  of  recovery  from  the  hydrocarbons,  boiling  point, 
freezing  point,  density,  viscosity,  interfacial  surface  tension,  water  solubil¬ 
ity,  toxicity,  refractive  index,  and  suitable  degree  of  solubility  at  a  conven¬ 
ient  temperature.  Adjustment  of  the  solubility  by  higher  or  lower  tem¬ 
perature  increases  the  cost,  and  adjustment  by  adding  water  or  another 
diluent  may  complicate  the  operation  greatly. 

Since  all  hydrocarbons  are  fairly  similar  in  solubility  characteristics  as 
compared  with  nonhydrocarbons,  it  is  hopeless  to  expect  a  selectivity  ap¬ 
proaching  the  quantitative.  Adequate  separation  of  a  pair  of  hydrocar¬ 
bons  is  possible  only  by  multiple  extraction,  preferably  by  counter-current 
operations  analogous  in  most  respects  to  tractional  distillation  in  a  column. 
This  is  an  engineering  problem  discussed  comprehensively  in  many  publi¬ 
cations  (for  example  55,  72,  97,  108,  156,  170,  218,  230).  One  difference 
between  the  two  processes  is  that  solvent  extraction  lacks  the  automata 
reciprocal  pumping  action  which  is  provided  by  distillation  and  gravity. 
Another  is  the  higher  viscosities  of  the  liquid  phases.  Another  is  the  smallei 
density  differential  between  the  two  liquid  phases  as  compared  wit  h  liquid 
and  vapor.  These  result  in  a  fivefold  increase  in  the  H.  h.  1.  I  .  for  solve 

extraction  (231). 


SOLVENT  EXTRACTION  OF  HYDROCARBONS 


243 


Solvent  extraction  of  hydrocarbon  mixtures  is  most  commonly  applied 
to  lubricating  oils,  and  there  are  innumerable  patents  for  that  purpose.  One 
reason  is  that  the  higher  cost  of  solvent  extraction  is  justified  only  for  prod¬ 
ucts  of  relatively  high  value.  Another  is  that  for  lubricating  oils  the  hydro¬ 
carbons  of  superior  quality  are  always  in  the  raffinate.  It  is  more  convenient 
to  extract  small  fractions  repeatedly  in  order  to  get  high  refinement  than 
it  would  be  to  recycle  the  extract,  as  would  be  necessary  in  the  case  of  a 
gasoline  extraction  in  which  the  high  quality  may  be  in  the  extract. 

The  improvement  of  lubricating  oil  in  solvent  refining,  largely  an  increase 
in  viscosity  index  (V.  I.),  is  due  to  the  removal  of  cyclic  hydrocarbons.  Ar¬ 
omatics  are  commonly  blamed  for  low  V.  I.  although  several  investigations 
(21,  38,  137,  177,  178,  179)  show  little  difference  in  V.  I.  for  hydrocarbons 
with  and  without  a  single  benzene  ring.  The  last  paper  (179)  especially, 
presented  a  comprehensive  study  of  the  effect  of  structure  on  properties  in 
the  lubricating  oil  range.  Polycyclics,  both  aromatic  and  saturated,  are 
poor  in  V.  I.,  and  should  be  removed  as  much  as  possible.  It  was  shown 
earlier  (Fig.  2B  of  ref.  61)  that  there  is  a  high  degree  of  correspondence 
between  selectivity  of  solvents  for  naphthenes,  and  that  for  low  V.  I.  com¬ 
ponents  of  oils,  both  as  measured  by  critical  solution  temperature  (C.S.T.) 

A  later  paper  (62)  indicated  that  selectivity  for  aromatic  hydrocarbons 
is  usually  about  six  times  as  great  as  that  for  napthenes.  Nonhydrocarbon 
derivatives  of  benzene,  such  as  phenol,  nitrobenzene,  etc.,  usually  show  the 
best  selectivity  for  both  types  of  hydrocarbons,  although  convenience  in 
operation  often  takes  precedence  over  selectivity,  especially  since  selective 
toi  aiomatic  hydrocarbons  does  not  differ  greatly  among  most  of  the  appli¬ 
cable  solvents.  Many  solvents  have  been  proposed  in  patents  for  concen¬ 
trating  aromatic  hydrocarbons,  but  quantitative  data  are  lacking.  Smith 
and  Funk  (204)  made  an  engineering  study  of  such  processes. 

Many  of  the  observations  are  presented  in  an  empirical  form  in  this  chap¬ 
ter,  partly  for  economy  of  space,  but  mostly  because  data  are  largely  inade- 
quate  to  discuss  the  theoretical  considerations  such  as  those  developed  by 
Hildebrand  (/9),  and  others  (78, 134,  176). 

I.  Ternary  Diagrams 

Theoretical  consideration  of  a  solvent  extraction  process  requires  a 
einaiy  diagram  ol  the  limited  mutual  miscibilities  of  the  proposed  solvent 

BalXfis  uTatd' ^charb0nS  1  thYaffinate  and  ®tract,  respectively, 
the  I,  J  Schreinemakers  (181-186)  were  early  exponents  of 

the  method  of  representation  by  means  of  equilateral  triangular  gru  I 
Any  compos, t, on  ,s  indicated  by  a  point  within  the  triangle  which  showed 
,ts  perpendicular  distance  to  each  side  the  percentage  compos tio^Tthe 
component  represented  by  the  opposite  corner  P  °f  the 
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In  the  case  of  hydrocarbons  these  diagrams  are  generally  of  the  simple 
types  shown  in  t  igs.  1  and  2.  In  Fig.  1  two  pairs  of  components  are  com¬ 
pletely  miscible,  but  the  third  pair  shows  limited  miscibility.  The  parabolic 
curve  surrounds  the  region  of  composition  of  mixtures  separating  into  two 
liquid  layers.  Additions  of  the  most  consolute  component  to  a  mixture  of  the 
other  two  components  make  this  pair  more  miscible,  until  at  the  plait  or 


M 


A  Aniline 

M  Methylcyclopentane 
H  n-Hexane 
C  Charge  mixture 
n  First  raffinate 
e\  First  extract 
ex  Maximum  extract 


consolute  point,  P,  the  liquid  interface  gradually  fades  out,  as  at  a  critical 
point  or  a  critical  solution  point. 

Attempts  have  been  made  to  develop  algebraic  equations  lor  the  shapes 
of  these  “binodal  curves.”  Bancroft  (13)  proposed  a  simple  one,  x-y 
const  which  was  discussed  by  Hand  (74).  The  variables ,x  and  y  are  the 
amounts  of  the  two  nonconsolute  components  relative  to  that  of  the  conso 
lute  component.  The  exponent,  n  (not  necessarily  an  >ntc^r  ,  tabes  ea  e 
•isvmmetrv  This  equation  holds  well  for  single  curves  of  the  hyper  bone 
:;yp™Thich  seem  to  run  into  both  lower  corners  (though  they  never  do  so 
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rigorously).  It  would  fail  for  systems  with  double  nonconsolute  pairs  (such 
as  Fig.  2)  since  x  or  y  becomes  zero  on  the  side  line.  It  would  fail  also  for 
curves  which  terminate  on  the  base  line  (Figs.  1,  3,  5,  6,  13,  15,  1G)  because 
both  x  and  y  become  infinite.  Bancroft  (13)  allowed  for  the  latter  cases  by 
subtracting  the  mutual  solubilities  of  the  nonconsolute  components  fiom 
the  amounts  used  in  the  equation.  Even  this  is  not  adaptable  to  curves  of 
the  parabolic  type  (Figs.  1,  3,  13)  in  which  moderate  amounts  of  the  con- 


Pe 


Fig.  2.  (64) 

Ph  85%  Phenol 
Pe  Pentenes  (mixed) 
Pa  n -Pentane 


solute  component  may  cause  a  slight  decrease  in  solubility.  Since  these 
curves  have  oblique  axes,  the  equation  for  a  parabola  thus  shifted  would 
be  too  complicated  to  be  useful. 

An  approximate  generalization  which  is  sometimes  useful  for  systems 
sue  as  Fig.  4,  in  which  the  mutual  solubility  of  two  components  is  low  is 
that  the  solubility  of  either  of  them  in  the  other  is  proportional  to  the 
square  of  the  concentration  of  the  consolute  component,  over  a  limited 

curves °f  ^  ^  f°ll°WS  fr°m  geometry  for  tangents  to  regular 
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Four  sloping  chords  across  the  curve  of  Fig.  1  are  tie  lines  connecting 
compositions  in  equilibrium,  and  these  gradually  contract  to  the  plait 
Point-  For  solvent  extraction  the  orientation  of  the  tie  lines  is  even  more 
important  than  the  curve. 

Figure  2  shows  a  system,  85%  phenol-mixed  pentenes-n-pentane,  of 
which  only  the  hydrocarbons  are  completely  miscible;  but  these  two  have 


different  solubilities  in  the  phenol.  Tie  lines  include  part  of  the  base  line 
and  part  of  the  sloping  border  line.  There  is  no  plait  point. 

Unfortunately,  the  tie  lines  almost  invariably  slope  down  toward  the 
corner  representing  the  liquid  used  for  extraction,  thus  diminishing  the 
effectiveness  of  the  process.  This  is  shown  by  the  succession  oi  arrows  in  r ig. 
I  in  which  C  is  the  charge,  c,  and  r,  are  the  extract  and  raffinate,  respect  ively , 
(after  removal  of  solvent)  after  one  stage,  and  e  is  the  maximum  pun  > 
of  extract  obtainable  with  the  system.  The  dotted  line  leading  to  e*  is  tan- 
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gent  to  the  curve,  at  a  point  always  below  the  plait  point,  although  usua  y 
close  to  it.  With  an  infinite  series  of  stages  the  raffinate  could  be  obtained  in 
pure  form.  With  a  diagram  like  Fig.  2  complete  separation  is  theoretically 
possible,  although  the  sloping  of  the  tie  lines  is  still  less  favorable.  In  two 
systems  of  that  type  (8,  228a)  the  tie  lines  seem  to  point  exactly  toward 
a  corner,  indicating  no  selectivity  by  that  solvent.  W  hen  the  mixture  con¬ 
tains  an  aromatic  and  a  nonaromatic  hydrocarbon,  the  moie  neaily  hoii- 
zontal  lines  (Fig.  5)  (cf.  also  160)  indicate  a  better  selectivity.  A  system 


A 


Fig.  4.  (64) 

W  Water 
A  Acetic  acid 
G  Straight-run  Gasoline 


probably  could  not  exist  in  which  the  tie  lines  slope  so  much  that  their 
extensions  would  intersect  the  base  line.  Such  a  graph  would  mean  the  con¬ 
centrating  of  a  less  soluble  component  in  the  extract.  The  position  of  the  plait 
point,  mentioned  above,  is  a  corollary  of  this. 

\  anous  schemes  have  been  proposed  to  determine  the  whole  tie  line  net 
work  or  to  express  it  concisely.  International  Critical  Tables  (100  cf  also 
loo)  used  a  conjugate  line  CDPFO  (Fig.  3)  slightly  curved,  running  from  a 
po,n  near  the  top  corner  (most  soluble  component)  through  the  plait 
point,  P,  across  the  base  line,  MN,  to  a  point,  G,  near  the  bottom  corner  of 
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another  equal  inverted  triangle  (not  shown).  (The  line  stops  short  of  both 
top  and  bottom  corners;  cf.  198).  Sherwood  (198),  Bergelin  et  al.  (18),  and 
Briggs  and  Comings  (28)  used  another  conjugate  line,  PHI,  through  the 
plait  point  to  the  opposite  foot  of  the  binodal  curve,  LAPOBI,  and  Darwent 
and  Winkler  (41)  used  a  highly  curved  line,  PJKL,  from  the  plait  point  up 
and  then  down  to  the  foot  of  the  binodal  curve  on  the  same  side  (,/  is  the 
same  altitude  as  0,  the  top  of  the  curve).  In  each  case  the  conjugate  curve 
is  determined  by  the  intersection  of  straight  lines  drawn  from  the  ends  of 


B 


Fig.  5.  (64) 

S  Methyl  sulfate 
B  Benzene 
H  n- Heptane 

each  tie  line,  AB,  parallel  to  the  sides  of  the  triangle,  AD  and  BD  or  AF  and 
BF,  AII  and  BH,  and  AK  and  BK.  Still  other  conjugate  lines  could  be  con¬ 
structed.  By  reversing  the  process  the  composition  of  the  phase  in  equilib¬ 
rium  with  any  phase  on  the  binodal  curve  can  be  found. 

For  systems  such  as  Fig.  4  with  very  low  mutual  miscibility  of  two  com¬ 
ponents,  the  well  known  distribution  laws  hold  for  low  concentrations  of  the 
consolute  component.  For  higher  concentrations,  and  for  systems  such  as 
Fig.  1,  Campbell  (30)  showed  that  plots  of  logarithms  of  concentration  of  the 
consolute  component  in  one  phase  against  that  in  the  other  phase  give 
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straight  lines.  Other  methods  of  correlating  the  tie  lines  were  developed  y 
Brancker,  et  al  (26),  by  Bachman  (10),  and  by  Briggs  and  Comings  (28) 

A  simpler  method  which  holds  approximately  is  to  assume  that  the  tie 
lines  converge  toward  a  point  near  the  base  line  outside  the  triangle  (8,  21b, 
217).  The  failure  of  this  was  pointed  out  by  Bachman  (9).  The  tie  lines  have 
been  considered  to  be  tangent  to  a  curve  (171).  Hand  (74)  made  all  of  the  tie 
lines  of  a  system  horizontal,  and  put  the  plait  point  at  the  apex  of  the  curve 
by  changing  the  units  of  weight  of  one  of  the  nonconsolute  components  in  cal¬ 
culating  compositions.  This  held  well  for  the  systems  tested.  Two  of  these 
schemes  would  fail  for  systems  of  the  type  shown  in  Fig.  2,  and  all  three 
would  fail  for  some  of  the  systems  of  isopropanol  (151,  237,  239),  n-propanol 
(238),  tert-butanol  (200a),  and  pyridine  (209),  which  show  a  reversal  in 
slope  of  the  tie  lines  with  rising  proportions  of  consolute  component.  The 
reason  for  this  reversal  is  suggested  in  citations  (151,  209),  namely,  the 


formation  of  a  solvate. 

The  tie  lines  are  best  determined  by  analysis  of  one  or  both  of  the  liquid 
phases  in  equilibrium,  usually  for  a  single  component,  and  combination  with 
the  knowledge  of  the  total  composition  of  the  system.  Usually  a  titration  or 
an  observation  of  refractive  index  or  density  will  suffice.  In  cases  where  such 
an  analysis  is  impractical,  the  compositions  of  the  two  phases  can  be  estimated 
from  their  relative  weights  (56, 154, 155)  or  other  graphical  means  (15, 155). 
Still  another  method  (64)  consists  in  observing  the  amounts  of  two  of  the 
components  required  to  be  added  to  one  or  both  equilibrium  liquid  phases 
separately,  in  order  to  bring  its  composition  to  that  previously  determined 
for  the  plait  point. 

It  has  been  common  practice  in  physical  chemistry  text  books  and  some 
original  articles  to  use  illustrative  phase  diagrams  considerably  distorted, 
with  certain  relations  exaggerated  for  emphasis.  This  custom  runs  the  risk  of 
being  misleading  with  regard  to  other  relations  in  other  parts  of  the  diagram, 
just  as  a  map  would  be  with  areas  proportional  to  population  instead  of  to 
land  areas.  When  these  diagrams  are  copied  in  other  books  without  adequate 
consideration,  some  improbable  relations  appear  to  be  “established.”  Atten¬ 
tion  is  called  to  some  of  these  points  in  the  following  discussion. 

In  most  of  the  real  systems  with  only  three  components  which  have  been 
published,  the  two-phase  areas  are  bounded  entirely  by  convex  curves.  The 
onl^  exceptions  are  either  not  plotted  to  scale  (182)  or  only  slightly  concave 
(15a,  117,  124a,  228a).  Certainly  the  curves  could  not  be  concave  at  such 
a  point  that  tie  lines  must  pass  outside  of  the  curve  (117).  Points  on  such 
a  tie  line  would  have  to  be  both  within  and  outside  of  a  two  phase  area. 
An  experimental  check  (64)  on  that  system,  water-ethylene  glycol-n-amyl 
alcohol,  failed  to  show  any  concavity.  A  trace  of  a  fourth  component,  pos¬ 
sibly  a  hydrocarbon  in  the  amyl  alcohol  used  by  Laddha  and  Smith  (117) 
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could  have  caused  the  discrepancy  (cf.  the  discussion  of  Fig.  6  below).  On 
the  other  hand,  most  of  the  other  slight  concavities  in  binodal  curves  (15a, 
124a,  228a)  have  been  confirmed  (64).  These  are  at  portions  of  the  curves 
which  are  nearly  perpendicular  to  the  tie  lines. 

Figuie  6  represents  four  systems  of  alcohols-benzene-lubricating  oil. 
three  of  them  employ  absolute  ethanol  at  118°C.,  (  #  1)  and  absolute  eth- 


Fig.  6.  (64) 

B  Benzene 

O  Paraffinic  lubricating  oil  (C.S.T.  with  ethanol, 
A  Alcohol  (as  follows) 

1  Ethanol  at  118°C. 

2  Ethanol  at  100°C. 

3  Methanol  at  100°C. 

4  95%  Ethanol  at  100°C. 


128°C.) 


anol  (#2)  and  methanol  (#3)  at  100°C.,  and  have  the  normal  parabolic 
curves,  which  are  low  and  flat  for  systems  with  high  miscibility.  Such  curves 
are  never  deep  narrow  “bites,”  illustrated  in  one  text  book  (68,  cf.  1 00  1  or 
an  accurate  graph  of  the  system).  Part  of  the  fourth  curve  (#4),  for  9o% 
ethanol  at  100°C.,  is  highly  concave  because  the  system  is  not  really  ternan  . 
The  water  is  incompatible  with  hydrocarbons  at  low  alcohol  concentrations. 
Shepherd  (197a)  presented  diagrams  with  similar  reverse  curves  for  systems 
with  two  hydrocarbons  and  alcohols  which  were  not  anhydrous.  1  he  tie 
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lines  if  drawn,  would  not  terminate  on  the  binodal  curve  because  the  per¬ 
centage  of  water  in  the  alcohol  “component”  would  differ  in  the  two  phases. 
The  alcohol  dissolved  in  the  hydrocarbon  phase  would  be  nearly  anhydrous, 
and  the  water  would  be  concentrated  in  the  alcohol  layer.  There  is  no  plait 

point.  ... 

It  is  for  this  reason  that  modification  of  solvent  power  by  means  of  dilu¬ 
tion  should  be  tried  with  caution.  Very  often  the  material  under  extractive 
treatment  will  extract  a  mixed  solvent  selectively,  making  it  a  reagent  of 
decidedly  variable  solubility  characteristics,  and  complicating  engineering 
calculations.  This  is  especially  true  if  there  is  more  difference  in  miscibility 
for  the  components  of  the  “solvent”  than  there  is  for  those  of  the  mixture 
to  be  extracted,  as  would  usually  be  the  case.  This  difficulty  is  diminished 
when  there  is  strong  affinity  between  the  solvent  and  diluent,  as  with  sul¬ 
furic  acid  and  water. 

Although  glacial  acetic  acid  is  miscible  with  n-heptane,  and  would  give 


no  binodal  curve  at  all  with  two  light  hydrocarbons,  it  has  enough  hygro- 
scopicity  to  behave  with  water  almost  like  a  single  component  in  the  systems 
of  97%  and  98.1%  acetic  acid  with  toluene  and  n-heptane  (153)  in  giving 
normal-appearing  binodal  curves.  Even  in  this  case,  however,  the  tie  lines 
should  not  terminate  on  the  curve.  Assuming,  as  the  authors  did,  that  the 
heptane  layer  contained  no  water  (although  this  is  not  quite  accurate),  the 
acid  layer  would  contain  all  of  the  water  and  be  more  dilute,  perhaps  as  low 
as  85%.  This  would  dissolve  very  little  heptane  (cf.  Fig.  4),  and  its  compo¬ 
sition  would  be  close  to  the  left  side  of  their  diagram  (Fig.  1  of  ref.  153). 
The  composition  of  a  phase  in  equilibrium  with  a  saturated  phase  in  such  a 
system  is  not  unique,  but  depends  on  the  relative  volumes  of  the  phases. 
The  same  criticism  applies  to  Fig.  2  of  this  chapter,  but  there  is  less  dis¬ 


crepancy  because  of  the  much  lower  solubilities.  Four  component  systems 
were  considered  by  Brancker  et  al.  (27),  by  Hunter  (95),  by  J.  C.  Smith 
(211),  and  by  Wiegand  (240). 

Figure  /a  is  an  actual  system  (183),  water-ethanol-succinonitrile  (or 
ethylene  cyanide,  not  “ethyl  cyanide”  (52)).  As  a  system  with  two  separate 
binodal  curves  for  liquids  it  seems  to  be  the  only  one  published,  and  should 
be  expected  to  be  rare  because  the  miscibility  of  succinonitrile  with  either 
water  or  ethanol  is  increased  by  addition  of  the  other,  although  it  is  in¬ 
completely  miscible  with  each.  In  fact,  it  is  doubtful  if  such  relations  could 
exist  in  a  system  consisting  of  only  three  kinds  of  molecules,  unless  possiblv 
t  1C  temperature  is  close  to  the  critical  point  of  one  component  The  un 
usual  feature  is  due  probably  to  the  presence  of  solvate  molecules,  perhaps 
ternary  ones  coupled  with  the  proximity  of  the  critical  solution  tempera- 

(ir  "n!!°3V (31°  and  55-5°C->  to  the  temperatures  studied 
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If  the  system  could  be  cooled  without  crystallizing  any  of  the  components, 
the  two  binodal  curves  probably  would  fuse  together  as  in  Fig.  7b  (52,  83, 


(a)  W  Water 

N  Succinonitrile 
A  Ethanol 

(b) ,  (c),  (d)  Supposed  results  on  cooling  (a). 

(e)  Supposed  system  with  three  binodal  curves. 

(f)  Supposed  diagram  for  three  liquid  layers. 


94  98)  (no  example  of  which  has  been  published,  however) ;  but  it  is  doubt¬ 
ful  if  they  could  merge  gradually  to  a  single  band,  Fig.  7c,  as  suggested 
(57,  69,  185,  186).  It  seems  essential,  as  implied  by  Schreinemakers  (  ), 
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that  the  first  contact  would  be  at  both  plait  points,  so  that  Fig.  7d  (52,  83, 
94,  98,  242)  would  be  impossible.  Hill’s  citation  (83)  of  his  own  work  (83a) 
and  that  with  Miller  (84)  as  exceptions  is  not  pertinent,  since  in  each  case 
the  three-phase  area  observed  by  them  results  from  three  binodal  curves 
instead  of  two;  and  two  of  these  three  erupt  from  within  the  third,  as  in 
Fig.  8  of  this  chapter,  to  be  discussed  below  (cf.  136). 

Another  objection  to  Fig.  7d  is  the  continuous  curve,  ab,  which  bounds 
different  two-phase  areas  without  a  break.  Still  another  objection  is  the  im- 


Ph 


W  Water 
Ph  Phenol 
Pe  Pentenes  (mixed) 


probability  of  three  liquid  phases  in  a  ternary  system  two  components  of 
vhich  are  completely  miscible  and  show  no  tendency  to  sens m to  ,«  n 
be  indicated  by  the  proximity  of  a  binodal  curve  (cf  Fig  8) 

,?•  , ,  ls  also  "K-onsistent  with  another  rule  of  Schreinemakers  msai 
applicable  to  systems  with  three  liquid  layers  namely  “When  two  W  i°! 
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graph  is  not  an  actual  diagram,  but  shows  the  relations  mentioned,  some¬ 
what  exaggerated  for  clarity. 

Schreinemakers  did  not  make  clear  the  theoretical  basis  for  this  ap¬ 
parently  arbitrary  rule,  which  however  seems  more  reasonable  on  careful 
reflection.  Marsh  (132,  p.  128)  emphasized  it  and  expressed  it  in  the  form, 
“The  extensions  of  the  one-phase  boundaries  must  be  either  (1)  both  with¬ 
in  the  three-phase  region  ...  or  (2)  both  within  the  two-phase  region . . .”  His 
extension  of  it,  eliminating  the  relations  of  e  in  the  “erroneous”  graph,  is  in 
accordance  with  the  well  known  principle  of  phase  diagrams  that  no  single 
phase  subtends  an  angle  of  more  than  180°  at  any  intersection.  Case  a  is  less 
common  than  that  of  b  (or  c). 

Figure  7e,  with  three  separate  binodal  curves,  proposed  in  three  text 
books  (52,  57,  69),  is  possible,  but  the  effect  of  each  of  three  components,  no 


u>  ok  ad 


KUMISS  I  Hi 

Fig.  9.  Illustrative  diagrams  (see  text)  (132)  (186). 

pair  of  which  is  miscible,  in  increasing  so  greatly  the  mutual  miscibility  of  the 
remaining  two  would  require  exceptional  relations.  It  would  be  contrary  to  a 
principle  stated  in  two  of  the  books  mentioned  (57,  p.97;  69,  p.729), and 
others  (11,  223).  Even  the  presence  of  ternary  complex  molecules  would 
hardly  produce  such  relations  unless  binary  complex  molecules  were  prac¬ 
tically  excluded.  A  further  requirement  would  be  the  substantial  equality  o 
all  three  binary  critical  solution  temperatures.  No  example  of  Fig.  /c  ms 
been  reported.*  The  excessive  slopes  of  the  tie  lines  has  already  been  shown 

t0 The  1same1  considerations  make  the  form  of  Fig.  7f  for  three  liquid  layers 
unusual  unless  solvate  molecules  are  formed.  This  seems  to  be  the  rap  - 
tion  for  the  effect  of  each  component  in  increasing  mutual  miscibility^  the 
other  two  in  the  system,  water-ethyl  ether-succmon.tr, le.  A  diagram  pre 

.  However,  since  submitting  this  manuscript  the  author  has  found  3"^ 
several  systems  with  diagrams  of  the  typos  of  each  of  Figs.  7a,  7b, 
systems  will  be  described  in  a  later  paper. 


SOLVENT  EXTRACTION  OF  HYDROCARBONS 


255 


sented  for  it  by  Schreinemakers  (182)  has  been  confirmed  substantially 
(64),  especially  with  respect  to  this  feature,  but  not  with  respect  to  the  con¬ 
cavity  of  some  of  the  binodal  curves,  all  of  which  were  observed  at  25 °C.  to 
be  straight  within  experimental  error.  On  raising  the  temperature  to  55.5°C. 
the  two-phase  area  on  the  water-nitrile  side  vanishes,  and  the  system  de¬ 
generates  into  one  similar  to  Fig.  2,  with  ether  as  the  nonconsolute  compon¬ 
ent.  The  solvate  forming  tendency  of  succinonitrile,  which  gives  it  a  unique 
diagram  with  water  and  ethanol  (183  and  Fig.  7a,)  probably  gives  it  an 
unusual  one  with  ether  also. 

Illustrative  diagrams  similar  to  Fig.  7f  are  presented  in  nine  or  more  cita¬ 
tions  (52,  57,  69,  83,  132, 172,  185,  186,  198)  although  they  may  not  be  typi¬ 
cal.  Some  of  these  (132,  172)  are  inconsistent  with  Schreinemakers’  above- 
mentioned  rule.  In  spite  of  such  general  interest,  no  diagram  drawn  to  scale 
for  a  real  system  of  three  liquid  phases  at  ordinary  temperatures  seems  to  be 
published  except  some  complex  ones  for  systems  containing  salts  and  giving- 
solid  phases  (83a,  84).  The  only  other  one  with  three  liquid  phases  found  pub¬ 
lished,  formamide-nitrobenzene-n-hexane,  (103a)  is  of  less  theoretical  in¬ 
terest  because  of  the  slight  miscibilities  of  formamide.  Graphs  of  both 
systems  mentioned  (103a,  182)  show  distortion  from  the  tabulated  data, 
presumably  for  clarity  of  certain  parts. 

A  diagram,  which  is  believed  to  be  more  typical,  for  a  new  three-liquid 
phase  system  is  shown  in  Fig.  8  for  water-phenol-mixed  pentenes  (64).  An 
important  difference  from  Fig.  /f  is  that  two  of  the  three  two-phase  areas 
have  their  wider  bases  on  the  triangle  of  three-phase  area,  rather  than  on  the 
border  lines  of  the  system.  One  of  these  areas  has  its  own  plait  point  and 
fails  to  reach  the  border  line  because  pentene  and  phenol  as  anhydrous 
liquids  are  completely  miscible.  A  little  water  causes  their  separation  If 
n-pentane  (C.S.T.  with  phenol  56.6°C.)  had  been  used  instead  of  pentene 
this  area  would  have  extended  to  the  border.  The  other  two-phase  area 
leaches  the  border  at  room  temperature,  but  pentene  decreases  the  mis¬ 
cibility  of  water  and  phenol,  as  is  to  be  expected.  At  66°C.  (the  C  S  T  of 
water  and  phenol)  the  area  would  recede  from  the  border  line  and  resemble 
the  other  loop  With  rising  temperature  the  base  line  of  the  internal  triangle 
would  use  until  the  three-phase  area  vanishes  and  the  whole  system  degener¬ 
ates  into  a  simple  one  resembling  Fig.  1 1 .  The  short  sloping  line  near  the  top 

of  Fig.  8  represents  solid  phenol.  “top 

Another  important  difference  between  Figs  7f  and  8  t  r 

sr  rrr  ,f thc  latter- — -  «  -  £££££ 

^  b‘  ry1ayraararUn  denV°r  a  ~  because  this 

in  order  to  have  l  Zv7v  d  df  °  m°ment  solubility  characteristics 
cibility  with  each  q  intermediate  properties  with  limited  mis- 

Hydrocarbons  are  so  incompatible  with  water  that  it  usually  requires  a 
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concentration  of  30  to  70%  of  a  mutual  solvent  before  the  solubility  of  the 
hydrocarbon  in  the  aqueous  layer  becomes  appreciable  (Figs.  4,  10,  11,  12). 
Soap  solutions  form  an  exception,  however.  Bailey  (1 1 )  found  that  it  required 
only  2.9%  ot  sodium  oleate  to  lower  the  C.S.T.  of  phenol  and  water  from 
65.3  to  0  (  .,  and  similar  effects  to  a  less  extent  are  noted  with  hydrocarbons. 
A  0.4  N  solution  of  sodium  oleate  dissolved  up  to  7.3%  n-hexane  (205),  an 
increase  ol  about  five  hundred  fold;  and  hydrocarbon  gases  showed  a  four¬ 
fold  increase  in  solubility  (127,  128).  McBain  and  O’Connor  (126)  proved 


A,  I 


Fig.  10.  (64) 
W  Water 


A  Acetic  acid 
/  Isopropanol 
P  Propylene 


that  this  was  a  true  solution  and  not  just  an  emulsion.  However,  soap  solu¬ 
tions  are  practically  nonselective  for  different  hydrocarbons  (205),  and  so 
are  not  useful  in  their  separation.  High  solubilities  of  hydrocarbons  in  soap 
solutions  were  observed  and  discussed  by  Woodman  (244),  and  by  Palit  anc 
McBain  (159).  The  phenomenon  may  be  explained  by  considering  t  e 
alkali  metal  ion  as  anchored  in  the  aqueous  layer,  and  the  long  organic 
portion  of  the  soap  molecule  well  rooted  in  the  hydrocarbon  ayer,  thus 
holding  a  considerable  amount  of  the  latter  in  the  water.  The  detergency 
sulfonates  of  large  molecules  is  explained  similaily. 
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Some  systems  are  described  in  the  literature  with  four  (34,  103,  206)  and 
even  five  (34b)  liquid  phases  in  equilibrium.  Most  of  them  include  a  soap  as 
one  component  .  This  is  paradoxical,  since  soap  was  just  shown  to  be  a  good 
mixer,  and  now  seems  essential  for  a  high  degree  of  incompatibility .  Probably 
the  two  observations  are  manifestations  of  the  same  properties.  A  typical 
five-phase  liquid  system  contains  two  volumes  each  of  n-hexane,  ammonium 
hydroxide,  and  aniline  to  one  each  of  aqueous  solutions  of  sodium  oleate  and 


P 


Fig.  11.  (64) 
W  Water 
P  Isopropanol 
H  n-Hexane 


potass. um  carbonate  (34b).  The  dual  nature  of  the  soap  molecule  probably 
accounts  for  one  extra  phase.  Presumably  mercury  would  form  a  sixth  layer. 

on  the  ratii  !  mutual  miscibility  of  liquids  depends  only 

on  the  ratio  of  radii  of  molecules,  which  must  be  greater  than  1.618  to  re- 

u  '"two  layers.  Similarly,  to  form  three  layers  one  liquid  must  have 

molecules  with  radii  at  least  1.618!  or  2.62  times  those  of  the  smallest  He 

gave  five  examples  of  three-liquid  phase  systems  (Table  la  and  Tb)  Mil  1 

ttaftssazr* m  **  - - — » -«*• 
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The  properties  of  a  two-liquid  phase  system  near  the  plait  point  are  in¬ 
teresting.  The  vapor  pressure  and  freezing  point  are  almost  independent  of 
composition  over  a  considerable  range,  and  many  other  properties  have  a 
linear  relation,  as  observed  by  Perrakis  (161)  and  by  Shiikarev  (199).  The 
interfacial  surface  tension  and  the  differences  in  density  and  refractive  in¬ 
dex  and  in  all  other  properties  for  the  two  phases  can  be  made  as  low  as  de¬ 
sired.  Mondain-Monval  and  Quiquarez  (144)  made  a  study  of  many  such 


M 


W  Water 
M  Methanol 
p  Pentane  or  Pentene 

1  n-Pentane  at  —  78°C 

2  Pentenes  at  — 78°C. 

3  n-Pentane  at  +25°C 

4  Pentenes  at  +25°C. 


systems,  and  found  some  with  a  high  viscosity  near  the  plait  point,  some 

with  opalescence,  and  some  with  nel*er'  the  most  common  ones 

The  opalescence  sometimes  shows  beautifi  ,  analo- 

pfaitpointare  practically  ecpml.  The  colors  are 

( Continued,  on  p ■  265) 
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TABLE  I 


Ternary  Systems  with  Two  Liquid  Layers,  One  or  Two  Components  being 

Hydrocarbons 
(Literature  Citations) 


(a)  Aqueous  Systems 


Nonhydrocarbon 

Benzene 

Toluene 

Xylene 

Acetaldehyde 

153, 154 

153 

Acetanilide 

188  (p.  605) 

Acetic  acid 

16,  65,  99,  122,  144, 

122,  144,  152,  188 

99,  122,  152,  188 

152,  154,  174,  188 
(pp.  106-9),  198a, 
216,  217,  233,  235 

(p. 106-12),  235 

(p.  112),  198a 

Acetone 

13,  23,  28,  72a,  101, 

101,  122,  155,  175, 

122,  155,  175 

122, 151a, 155,175, 
188  (pp.  179-83), 
233 

188  (pp.  180-2) 

Forty-four  acids  (or- 

67b,  150,  188,  198a, 

188, 207, 208 

188,  207,  208 

ganic,  not  men¬ 
tioned  otherwise) 

207,208 

Twenty-four  alkyl- 

188,  207 

188,  207 

188,  207 

amines 

Aniline 

56b,  188  (p.  416) 

188  (p.  416),  212 

188  (p.  416) 

Nineteen  derivatives 

56b,  188 

of  Aniline 
p-Anisidine 

188  (p.  560) 

Benzoic  acid 

67b,  188  (pp.  510-2), 

6,  188  (pp.  511-2), 

188  (pp.  510-2), 

198a,  207 

198a,  208 

198a,  207 

n-Butanol 

23,  151a,  161,  188  (p. 

66,  151a 

267),  239a 

Iso-butanol 

1,  90,  151a 

151a 

sec-Butanol 

151a 

151a 

teH-Butanol 

151a,  200a 

n-Butyric  acid 

122, 188  (pp.  253-4) 

122,  188  (pp.  253-6) 

122,  188  (p.  252) 

Chloral  hydrate 

188  (p.  93) 

188  (p.  93) 

Chloroacetic  acid 

67b,  109,  188  (pp. 

188  (pp.  89-90)  207 

109 

88-9), 207 

Chloroanilines 

Collidine 

Coniine 

188  (p.  372) 

188  (p.  616) 

188  (p.  621) 

m-Cresol 

167 

167 

Dichloroacetic  acid 

50a,  67b, 109,  1S8,  (p. 

77) 

19 

188  (p.  78) 

109 

Dioxane 

Ethanol 

15,  23,  24,  90,  122, 

40,  122,  142,  143, 

122,  141,  143,  144 

141,  143,  144,  146, 
151a,  154,  175,  188 
(pp.  137-41),  213, 

144,  151a,  175, 188 
(pp.  142-4,  542), 
216,217 

175,  188  (pp. 
145,  607) 

216,  217,  230,  233 

2(30 
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TABLE  I — Continued 


Nonhydrocarbon 

Benzene 

Toluene 

Xylene 

Formic  acid 

188  (pp.  27-30) 

188  (p.  30) 

188  (p.  30) 

Furfural 

Hydrazine 

67b,  187  (p.  1028) 

110 

Hydrogen  chloride 

187  (p.  575) 

Hydrogen  cyanide 

72a,  187  (p.  570) 

Hydroxyazobenzene 

188  (p.  700) 

Iodine 

187  (p.  666) 

187  (p.  665) 

Mandelic  acid 

188  (pp.  594-6),  198a, 

208 

Mercuric  bromide 

187  (p.  611) 

Mercuric  chloride 

124,  187  (p.  631) 

29,  187  (p.  632), 

198a 

Methanol 

90,  122,  143,  144, 

122,  143,  151a,  175, 

122,  143,  175 

151a,  161,  175,  188 
(pp. 46-7),  197a 

188  (p.  50) 

/3-Naphthol 

Quinoline 

188  (p.  660) 

188  (p.  624),  207 

Phenol 

167,  188  (p.  369-87) 

188  (p.  386) 

188  (p.  386) 

Picric  acid 

188  (p.  330-1),  236 

188  (p.  330-1),  198a 

Piperidine 

67b,  188  (p.  308) 

188  (p.  308) 

n-Propanol 

44,90, 122, 151a, 175 

122,  151a,  175 

122,  175 

Iso-propanol 

122,  143,  151,  151a, 

122,  143,  151a,  175, 

122,  143,  175 

175,  188  (p.  206-7) 

237 

122,  188  (p.  191) 

Propionic  acid 

122, 188  (pp.  189-90), 

122,  188  (p.  190) 

Pyridine 

198a 

67b,  122,  188  (pp. 

122,  188  (p.  289), 

122,  188  (p.  288) 

288-9),  209 

198a 

207 

Resorcinol 

188  (p.  396) 

Silver  perchlorate" 

83a  (explosive) 

84 

205 

187  (p.  1491),  201 

Sodium  oleate 
Stannic  chloride 

205 

205 

Toluidines 

188  (p.  558) 

|  188  (p.  69) 

109 

Trichloroacetic  acid 

3,  50a,  67b,  109,  150, 

188  (p.  68),  198a 

n-Valeric  acid 
Iso-valeric  acid 

188  (pp.  301-2) 

99,  188  (pp.  301-4) 

188  (p.  302) 

188  (pp.  303-6) 

99,  188  (pp- 

303-5) 
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TABLE  I — Continued 


N  onhydrocarbon 


Pentane 


Hexane 


Acetic  acid 
Acetone 
Benzoic  acid 

Benzyl  amine 
Four  butanols 
p-Chloroaniline 
Ethanol 


Methanol 

o-Nitroaniline 

Phenol" 

n-Propanol 

Iso-propanol 

Soaps 

p-Toluidine 

N  onhydrocarbon 

Acetic  acid 

Acetone 
Acids  (organic) 

Aniline" 

Four  butanols 
Butyric  acid 
Ethanol 


Formic  acid 
Methanol 

Phenol 

n-Propanol 

Iso-propanol 

Propionic  acid 

Pyridine 

Succinonitrile 

Triethylamine 


144,  175 


142,  144,  175, 
188  (p.  146) 

64  (Fig.  12), 
144,  175 


175 

175 


Cyclohexane 


106 

144,  175 


180 

151a 

151a, 154, 175, 
188  (p.  149), 
216,217 

175,  188  (p. 
52-4) 


151a,  175,  238 


152 

144,  175 


144,  175,  188, 
(pp.  146-9, 
457),  216 
65,  169a,  175, 
188  (p.  48) 


175 

64  (Fig.  11), 
175 

126,  205 
188  (p.  558) 


122 

122 


122 

122,  188  (p. 

136) 


122 


122 

122 

122 


Heptane 


151a 


188  (p.  554) 
151a 

188  (p.  372) 
151a,  188  (pp. 
147-8, 562) 

188  (p.  48) 

188  (p.  402) 

188  (p.  563) 

151a 

151a 


188  (p.  649) 
188  (p.  258) 


223  ( tert  only) 
223 


223 


223 

223 


Gasoline 


64  (Fig.  4),  152 
151a 

188  (p.  512), 
198a 

151a 

23,  39,  144, 

151a,  188  (pp. 
150-2),  229 

39,  154,  197a 


136 

151a 

151a 


Petroleum  ether 


188  (p.  113), 
235 

188  (pp.  302, 
306,  440,  513, 
619) 


188  (p.  257) 
23,  39,  144 


188  (p.  31) 
169a 


188  (p.  193) 


151a,  175,  238 


122 


Mesitylene 


Naphthalene 


TABLE  I — Continued 


Nonhydrocarbon 

Acetic  acid 

Acetone 

Ammonia 
Aniline0 
sec-Butanol 
Caproic  acid 
Ethanol 


Furfural 

Hydrogen  fluoride 
Iodine 

Mercuric  chloride 
Methanol 


Methylethyl  ketone 
Nicotine0 
Nitrobenzene" 
Phenol" 


Picric  acid 
Potassium  oleate 

n- Propanol 
Iso-propanol 

Trichloroacetic  acid 
Trichlorobutyric  acid 

Acetic  acid 

Acetone 

Acetone 

Acetone 

Acetonitrile 

Camphor 

Ethanol 

Ethanol 

Ethanol 

Ethanol 


Hydrocarbon 


Kerosene  188  (p.  113);  propylene  64  (Fig.  10);  tetralin 
or  decalin  77. 

Isobutene  or  butadiene  203;  trimethylethylene  151a; 
ethylbenzene  175. 

1 - Butene  163. 

Petroleum  (200-30°)  90. 

Trimethylethylene  151a. 

Decalin  188  (p.  439). 

Isopentane  188  (p.  146);  paraffin  oil  (160-80°C)  92, 
188  (p.  152);  kerosene  23;  trimethylethylene  151a; 
dimethylcyclohexane  188  (p.  607);  cyclohexene 
239;  pinene  188  (p.  144);  ethylbenzene  175;  butyl- 
toluene  143;  turpentine  188  (p.  837). 

2- Butene,  isobutene,  or  butadiene  89. 

Isobutane  29a. 

Tetralin  or  decalin  77 

Tetralin  77. 

Paraffin  39,  154;  pentene  64  (Fig.  12) ;  trimethyl¬ 
ethylene  151a;  cyclohexene  239;  isobutene  or 
butadiene  203;  ethylbenzene  175;  butyltoluene  143. 

Isooctane  or  gasoline  147. 

Petroleum  (200-30°C)  90. 

Petroleum  (200-30°C)  90. 

2-Methylpentane  188  (p.  459);  petroleum  (200-30°C) 
90;  pentene  64  (Fig.  8);  met hylcyclohexane  188 
(p.  563). 

Tetralin  77. 

Isobutane,  petroleum  ether,  methylcyclopentane  or 


butadiene  127. 

Ethylbenzene  175. 

Propylene  64  (Fig.  10) ;  cyclohexene  239;  ethylbenzene 
175;  butyltoluene  143. 

Pentene  150,  198a;  cumene  188  (p.  69). 

Pentene  150,  198a. 


Nonaqueous  Systems,  One  Hydrocarbon 

Aniline,  methylaniline,  or  dimethylaniline  with 
“benzine”  (100-25°C.)  247. 

Acetic  anhydride  with  hexane,  petroleum  ether,  or 

gasoline  142,  144. 

Ethylene  glycol  with  benzene,  toluene,  or  xylene  188 
(pp  157-8)  (components  are  interchanged),  228b. 
Ethylene  glycol  with  butadiene  or  isobutene  203. 

Seven  acids  with  isooctane  202a.  . 

Sulfuric  or  phosphoric  acid  with  ligroin  (100-20  C.) 

188  (p.  679).  i  icq 

Ethylene  glycol  with  benzene,  toluene,  or  xylene  18, 

(pp.  154—5),  228b. 

Glycerol  with  benzene  188  (pp.  141,  15o)- 
Lactic  acid  with  benzene  188  (P;^  no 
Salts  with  paraffin  oil  (b.p.  160  80  C)  9  . 
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TABLE  I — Continued 


Nonhydrocarbon 


Hydrocarbon 


Ethanol  (96%) 
Formic  acid6 
Formic  acid 

Glycerol 

Glycerol* 

Glycerol 

Methanol 

Methanol 

Methanol 

Methanol 

Methanol 

Methanol6 

Methanol 

Methanol 

Methanol 

Methanol 

Methanol 

Methanol6 

Methanol 

Methanol 


/3-MethoxyethanoI 


Nitrobenzene 

Nitrobenzene 


Nitrobenzene 

Oleic  acid 
Oleic  acid 
Phenol 
Picric  acid 
Isopropanol 
Propylene  glycol 
Stearic  acid 
Sulfuric  acid 
Valeric  acid 


Ten  solvents  with  gasoline  188  (p.  152). 

Bromoform  with  benzene  8. 

Ethanol,  ro-propanol,  or  isoamyl  alcohol  with  pe¬ 
troleum  ether  198a. 

Iodine  with  benzene  187  (p.  669). 

Nitrobenzene  with  petroleum  (b.p.  200-30°C.)  90. 

Iso-valeric  acid  with  toluene  188  (p.  306). 

Acetic  acid  with  isooctane  202a. 

Acetone  with  gasoline  197a. 

n-Butyric  acid  with  isooctane  188  (p.  258),  202a. 

Ethylene  glycol  with  2-butene,  isobutene,  or  buta¬ 
diene  203. 

Ethylene  glycol  with  nine  hydrocarbons  204. 

Formic  acid  with  isooctane  188  (p.  31),  202a. 

Five  other  acids  with  isooctane  202a. 

Four  fatty  acids  with  hexane  188  (p.  53). 

Methyl  esters  of  five  fatty  acids  with  isooctane  76a. 

Polystyrene  with  benzene  186a. 

Itapeseed  oil  with  benzene  25. 

Salts  with  hexane  92. 

Triethanolamine  with  isobutene  or  butadiene  203. 

Vaseline  oil  188,  with  camphor  (p.  679),  carbon  tetra¬ 
chloride  (p.  5),  chloroform  (p.  15),  diethylamine 
(p.  280),  naphthalene  (p.  650). 

Eight  fatty  acids  and  four  of  their  esters  each  with 
isooctane  (12  systems)  76a,  188  (pp.  31,  114,  258, 
620). 

Benzoic  acid,  butyric  acid,  o-nitrophenol,  resorcinol, 
or  valeric  acid,  each  with  hexane  188  (pp.  359,  458). 

m-Dinitrobenzene,  hydroquinone,  p-nitrobenzalde- 
hyde,  p-nitrophenol,  m-nitrobenzoic  acid,  or  re¬ 
sorcinol,  each  with  hexane  223. 

Formamide  with  n- hexane  103a  (three  layers  below 
12.4°C.). 

Abietic  acid  with  propane  87. 

Vegetable  oils  with  propane  86. 

?7i-Phenylenediamine  with  benzene  248. 

/3-Naphthol  with  benzene  116. 

Ethylene  glycol  with  isobutene  or  butadiene  203. 

Soaps  with  benzene  (six  systems)  159. 

Palmitic  acid  with  propane  50. 

Isopropyl  acetate,  petroleum  ether  64  (Fig.  14). 

95.8%  Sulfuric  acid  with  benzene  188  (p.  301). 


(c)  Nonaqueous  Systems,  Two  Hydrocarbons 


Acetic  acid  (not  glacial) 

Aniline6 

Aniline6 


n-Heptane-toluene  153. 
n-Hexane-methylcyclopentane  41,  (Fig.  l). 
Neohexane-cyclopentane  189. 
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TABLE  I — Continued 


Nonhydrocarbon 


Aniline6 

Aniline6 

Aniline6 

Aniline 

Aniline6 

Aniline 

Aniline 

Aniline 

Antimony  trichloride 
An  aromatic  amine  (A) 


Dicyanoethylamine 
Dicyanoethylamine 
Dicyanoethylamine 
Dimethylsulfolane 
Ethanol  (96%) 

Ethanol 

Furfural 

Furfural 

Furfural 

Furfural 

Methanol 

Methanol  or  ethanol 
Methanol 
Methyl  sulfate 
Methyl  sulfate 

Nine  solvents 
Nine  solvents 
85%  Phenol6 

Polymethacrylic  acid  ester 

Sulfolane 

Sulfur  dioxide 

Sulfur  dioxide 

Sulfur  dioxide 


Hydrocarbon 


n-Heptane-cetane  96. 
n-Heptane-cyclohexane  96. 
n-Heptane-methylcyclohexane  231 . 
n-Heptane-benzene  228. 

Cetane-cyclohexane  96. 

Cetane-benzene  96. 

Gasoline-benzene,  toluene,  or  xylene  228. 
Cyclohexane-benzene  180,  228. 

Petroleum-toluene  215. 

A  non-aromatic  hydrocarbon  (B)  and  an  aromatic 
hydrocarbon  (C),  where  A  is  aniline,  o-anisidine, 
or  p-phenetidinc;  B  is  isooctane,  cyclohexane,  or 
methylcyclohexane;  and  C  is  benzene,  toluene, 
o-,  m-,  or  p-xylene,  ethylbenzene,  biphenyl,  naph¬ 
thalene,  or  tetralin  (75  systems)  5. 
Cyclohexane-benzene  33. 

Ethylbenzene-styrene  33. 

Toluene-“troluoil”  (mostly  heptanes)  33. 
Petroleum-toluene  215. 

Gasoline-benzene  188  (p.  152). 

Paraffin  or  ceresin-benzene  7. 

Butadiene-isobutene  203. 

Naphtha-butadiene  or  Isobutene6  203. 

Docosane-1 ,6-diphenylhexane  28. 

Petroleum-toluene  215. 

Gasoline-benzene  197a. 

Benzene-paraffinic  lubricating  oil  64  (Fig.  6). 
Vaseline  oil-naphthalene  188  (p.  650). 
n-Heptane-benzene  64  (Fig.  5). 

n-Pentane,  n-hexane,  or  n-heptane-five  aromatic 
hydrocarbons  160. 
n-IIeptane-toluene  64  (Fig.  15). 

Straight  run  gasoline-xylene  64  (Fig.  16). 
Pentane-pentene  64  (Fig.  2). 

Benzene-cyclohexane  186a. 

Petroleum-toluene  215. 

Propane-propylene  at  -78°C.  64  (Fig.  13). 
Petroleum-toluene  215. 

Twelve  pairs  of  hydrocarbons  at  —  18°C.  (two  of 
them6)  145.  (A  thirteenth  pair  failed  to  separate  into 

liquid  layers.)  _ 


'‘  Systems  separate  into  three  layers.  Ten  other  ternary  systems  containing  a  hydrocarbon  and  giving 
three  liquid  layers  are  listed  (223,  p.  159),  but  no  data  are  given. 

b  Double  nonconsolute  pair. 
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clear  if  the  two  indices  are  identical  for  some  wavelength  in  the  visible  spec¬ 
trum.  Light  of  this  wavelength  passes  through  the  emulsion  without  bend¬ 
ing,  and  is  eliminated  from  light  transmitted  at  a  slight  angle.  The  latter 
light  is  not  refracted,  but  reflected  from  surfaces  of  droplets.  Since  the  two 
liquids  usually  differ  in  dispersion,  the  light  of  other  wavelengths  is  so  re¬ 
flected,  and  shows  the  complementary  color  to  that  eliminated.  The  color 
appears  only  where  direct  light  is  cut  out,  as  by  a  partition  between  window 
panes. 


Pe 


Fig.  13.  (64)  (at  -78°C.) 

S  Sulfur  dioxide 
Pe  Propylene 
Pa  Propane 


The  only  binary  system  showing  colors  which  has  been  observed  by  the 
author  is  that  of  hydroxyethylethylenediamine  with  benzene  (64).  As  the 
temperature  falls  with  occasional  agitation  through  a  20°  range  below’  the 
C.S.T.,  60°C.,  there  is  a  succession  of  opalescent  colors.  A  trace  of  water 
about  0.3%,  is  required  to  raise  the  C.S.T.  to  80°C.  in  order  to  bring  out  the 
-7  etC  °Pa^escent  spectrum,”  since  no  color  appears  above  the  C  S  T 
Wdh  descending  temperature  the  order  of  colors  is  then  yellow,  orange  '  red* 
magenta,  violet,  indigo,  pale  blue.  The  color  at  room  temperature  is’  pale 
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milky  blue  because  it  is  “minus  orange,”  the  long  visible  wavelengths  being 
partly  eliminated.  The  expected  green  is  hard  to  observe. 

II.  Compilation  of  Ternary  Systems 

I  able  I  is  a  compilation  of  nearly  600  ternary  systems  with  two  liquid 
layers  involving  hydrocarbons,  most  of  which  have  been  described  in  the 
literature,  at  least  in  part.  Some  of  the  listings  cover  only  low  concen¬ 
trations  of  the  consolute  component  or  present  only  qualitative  conclusions. 


I A 


Fig.  14.  (64) 


S  Sulfuric  acid 
I A  Isopropyl  acetate 
PE  Petroleum  ether 


The  list  is  presented  since  recent  papers  (e.g.,  96)  have  indicated  that 
very  few  ternary  systems  including  a  hydrocarbon  have  been  published. 
About  140  of  the  systems  include  two  hydrocarbons  (table  Ic),  but  only 
ten  of  these  have  double  nonconsolute  pairs  (like  Fig.  2).  The  list  is  intended 
to  be  complete  through  1947,  but  some  systems  may  have  been  overlooked. 
Data  for  many  of  the  systems  are  given  in  Seidell’s  books  (18/ ,  )>  "  ^1C 

are  cited  (with  page  number  in  parentheses  when  practicable)  instead  o 
about  ninety  original  publications,  in  order  to  save  space,  and  because  some 
of  the  latter  are  available  only  with  difficulty.  A  few  of  Seidell  s  references 
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are  repeated,  so  as  to  cover  systems  not  mentioned  by  him,  or  if  needed 
for  discussion.  Many  of  the  citations  listed  are  more  recent  A 

compilation  of  ternary  systems  has  been  published  already  (210),  but  it 
includes  only  eighty-nine  systems,  of  which  only  twenty-two  involve  a 
hydrocarbon. 


T 


Fig.  15.  (64) 

T  Toluene 
H  n-Heptane 
S  Solvent  (as  follows) 

1  Triethylene  glycol 

2  Furfuryl  alcohol 

3  Maleic  anhydride  (at  60°C.) 

4  Methyl  sulfate 

5  Dinitrochlorobenzcne  (at  55°C.) 

6  Carbitol 

7  Methyl  Cellosolve 

8  Acetic  anhydride 

9  Aniline 


The  new  systems  studied  in  this  laboratory  are  shown  in  Fi«s.  2  4  5 
c  8,  and  10  to  10.  With  the  exceptions  indicated,  these  are  at  a  temperature 
of  approx.mate'y  25°C.  In  Figs.  15  and  16  several  systems  of  solvents 
„  two  hydrocarbons  are  indicated  only  by  plait  points,  since  the  binodal 
cuives  can  be  constructed  approximately  through  these  points.  An  excep¬ 
tion  is  triethylene  glycol,  which  is  incompletely  miscible  with  toluene  so 
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that  in  Fig.  15  its  system  has  no  plait  point.  The  binodal  curves  with  two 
other  solvents,  carbitol  and  aniline  are  shown. 

In  spite  of  the  considerable  number  of  systems  listed  in  Table  I,  the 
number  of  possible  combinations  is  so  great  that  relatively  few  systems 
have  been  studied  thoroughly.  Since  systems  involving  hydrocarbons  are 


S  Solvent  (as  follows) 

1  Methyl  Carbitol 

2  Furfuryl  alcohol 

3  Furfural 

4  Ethylene  chlorohydrin 

5  Aldol 

6  Carbitol 

7  Methyl  Cellosolve 

8  Acetic  anhydride 

9  Aniline 


relatively  free  from  complex  relations,  however,  it  is  possible  to  construct 
a  diagram  for  such  a  system  with  considerable  assurance  and  fair  accuracy 
from  the  mutual  solubilities  of  two  pairs  of  components,  provided  the  third 


pair  is  miscible.  .  j 

When  two  pairs  of  components  show  limited  miscibility,  the  drngia 

requires  only  two  convex  curves  connecting  the  points  on  the  sides  ot  the 
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triangle  corresponding  to  the  miscibilities  (Fig.  2).  W hen  another  paii  is 
completely  miscible,  a  single  curve  is  drawn  from  the  miscibility  points  on 
the  base  line.  The  curve  is  low  and  flat  or  parabolic  it  the  miscibility  is 
considerable  (Figs.  1,  6,  13,  15);  and  it  is  high  and  hyperbolic  if  the  mis¬ 
cibility  is  slight  (Figs.  4,  10,  11,  12,  14).  The  plait  point  is  near  the  middle 
in  the  former  case,  and  usually  far  on  one  side  in  the  latter  case.  It  is  usually 
near  a  composition  of  50  to  (30%  of  one  of  the  nonconsolute  components, 
namely  the  nonhydrocarbon  if  there  are  two  hydrocarbons,  and  in  most  cases 
the  hydrocarbon  if  there  is  only  one.  Figure  10  shows  one  exception  to 
this. 


III.  Binary  Systems 

The  mutual  solubilities  of  a  large  number  of  pairs  of  liquids  are  recorded 
m  ,  cidell  s  book  (188),  but  there  are  still  many  unobserved  binary  systems 
v  as  u  it h  the  purpose  of  greatly  increasing  the  number  of  binary  systems 

“'etn'  rr  r  °eS  0f  a  hydro“A«  <“><l  »  nouhvdroearbon  might 
be  estimated  that  investigations  of  the  present  author  (til,  02  64)  were 

Z  thee i  TtUal  80'Ubilities  at  a  '"“form  temperature,  it  seemed 
>  nat  the  critical  solution  temopratnrp  tr1  ^  t*  \  c 
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between  these  properties  is  illustrated  in  Fig.  17  (61).  The  solubilities  at 
any  temperature  have  an  inverse  relation  to  the  C.S.T.  (tops  of  the  curves). 

The  term  “critical  solution  temperature”  is  sometimes  used  loosely  in 
the  literature  meaning  merely  “solution  temperature”  or  the  temperature 
at  which  a  dissolved  liquid  begins  to  precipitate  out.  This  is  no  more  ac¬ 
curate  than  to  call  a  dew  point  or  a  boiling  point  a  “critical  temperature.” 

The  curves  of  limited  miscibility  for  binary  systems  are  not  quite  sym¬ 
metrical  with  respect  to  the  50%  line,  sometimes  very  unsymmetrical  (197). 
However,  by  analogy  with  the  ternary  diagrams  the  curves  are  probably 
completely  convex  except  when  there  is  a  third  component  such  as  salt  in 
water  (100)  or  methanol  (51a),  or  water  in  acetic  acid  (105).  Another  ex¬ 
ceptional  condition  would  occur  when  there  is  no  C.S.T.  because  of  the 
intervention  of  the  critical  temperature  of  one  of  the  components.  An  ex¬ 
ample  of  this  is  reported  (Fig.  1  of  241)  for  thymol  and  water,  although  it 
is  not  clear  why  270°C.  is  called  a  “critical  temperature”  (no  C.S.T.),  since 
it  is  more  than  100°  below  the  critical  temperature  of  either  component. 
In  an  experimental  check  on  that  system  (64)  270  C.  was  found  to  be  a 
C.S.T.  and  not  a  critical  point.  A  real  example  lacking  a  C.S.T.  would  be 


the  system,  nitrobenzene-propane  (GO). 

Bingham  (20)  observed  qualitatively  and  recorded  the  mutual  solubilities 
of  fifty  liquids  in  pairs  (over  1000  observations),  five  of  the  liquids  being 
hydrocarbons.  Some  C.S.T.’s  were  given.  A  few  of  Bingham’s  observations 
are  questionable,  particularly  those  of  stannic  chloride,  which  in  the  ab¬ 
sence  of  water  behaves  like  carbon  tetrachloride,  and  is  miscible  with  hy¬ 
drocarbons,  even  lubricating  oils,  but  is  immiscible  with  water  until  it 
reacts  vigorously  with  it.  Bingham’s  low  values  for  the  C.S.l.  of  solvents 
with  n- hexane  were  probably  due  to  the  presence  of  naphthenes  in  his 


^Sulfur  dioxide  C.S.T.  have  been  observed  for  sixty  hydrocarbons.  Those 
for  saturated  hydrocarbons  are  a  nearly  linear  function  of  the  boding  point 
11231  indicating  a  negligible  selectivity  for  naphthenes  (61),  a  conclusion 
contrary  to  thaf  drawn  from  some  early  observations  on  hydrocarbon  ma¬ 
tures  (145).  Sulfur  dioxide  has  a  fair  selectivity  for  aromatics  and  olefins 
(01,  G2).  Liquid  ammonia  has  relatively  a  poor  selectivity  for  all  types  o 

hydrocarbon  (61,  62,  123). 

IV.  Compilation  of  Critical  Solution  Temperatures 

The  observed  C.S.T.  of  individual  hydrocarbons  with  nonhydrocarbons 
.1  o  inn  ('the  maiority  being  published  from  this  la  >o 

ratoryrThese  are  listed  in  ^/Jj^he  actual ^ 'temjemtumstt  given 
TepfthaL  in  "o  save  space,  observations  listed  in  considerable 
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numbers  in  a  single  reference  which  is  readily  available  are  cited  in  groups. 
If  all  points  were  given,  the  table  would  be  nearly  three  times  as  long. 

In  order  to  present  a  direct  comparison  of  all  of  the  solvents,  their  C.S.T. 
with  w-heptane  are  given  in  the  second  column,  since  this  hydiocaibon  is 
the  one  used  most  generally.  Many  ol  the  temperatures  in  this  column  are 
estimated,  as  indicated  by  parentheses.  Some  of  these  estimates  weie  made 
by  adding  220°  to  the  observed  or  estimated  C.S.T.  with  benzene,  since  this 
is  the  average  difference  for  heptane  and  benzene.  This  method  gives  a 
fictitious  point  in  several  cases  because  the  critical  temperature  of  n-heptane, 
266. 8°C.,  or  the  instability  of  reagents  would  prevent  its  realization.  Some 
other  estimates  were  made  by  subtracting  45°  from  C.S.T.  with  paraffin 
wax  or  oils  of  comparable  miscibility,  although  these  are  unrealizable  be¬ 
cause  of  crystallization  of  reagents.  The  letter  M  in  this  column  indicates 
that  the  reagent  is  completely  miscible  at  all  temperatures  above  —  78°C. 
(or  estimated  to  be  so)  with  n-heptane  and  almost  all  other  hydrocarbons 
(as  liquids). 

About  200  C.S.T.  of  solvents  with  lubricating  oils  (61)  are  omitted  from 
Table  II  (unless  such  an  observation  is  the  only  one  with  a  certain  solvent, 
or  it  is  compared  with  the  results  of  other  observers)  because  the  latter  are 
not  individual  hydrocarbons.  Similarly,  some  of  those  with  lubricating  oils 
listed  (56c,  163a)  with  “greater  than”  or  “less  than”  are  omitted  when  the 
symbol  is  evident  from  the  structure  of  the  solvent  or  its  C.S.T.  with  lighter 
hydrocarbons  (cf.  61).  Since  the  paraffin  wax  employed  (61)  was  substan¬ 
tially  equivalent  to  w-pentacosane,  it  is  so  designated.  Some  hydrocarbon 


mixtures  of  narrow  boiling  range  are  included.  The  low^er  boiling  petroleum 
ether  of  Prins  (164)  was  probably  largely  paraffinic,  but  the  higher  boiling 
cut  very  likely  contained  naphthenes,  since  its  C.S.T.  wrere  all  lower  than 
those  of  the  lighter  cut. 

When  the  same  point  has  been  observed  by  two  or  more  investigators, 
a  selected  mean  is  recorded  for  observations  showing  fair  agreement.  In 
othei  cases  both  observations  are  given.  A  few  question  marks  are  applied 
when  a  reason  for  the  discrepancy  was  suspected,  such  as  water  impurity 

in  the  solvent  (25,  43,  114),  or  if  the  observation  was  inconsistent  with 
several  others. 

I  he  422  solvents  are  listed  alphabetically,  thus  providing  an  index  for 
the  solvents  in  the  tables  in  the  earlier  papers  (61 , 62),  which  were  arranged 
differently.  The  number  of  solvents  could  be  increased  still  further,  using 
temperatures  preceded  by  “less  than”,  by  including  the  remaining  solvents 

nr„Ttb  V1  °  .a,fol;mer  >fPer  (61).  all  of  which  are  miscible  as  liquids  with 
practically  all  hydrocarbons  at  available  temperatures;  and  also  by  in¬ 
cluding  pairs  of  solvents  and  hydrocarbons  for  which  freezing  curve  data 
are  listed  in  reference  100a  and  elsewhere.  When  the  freezing  curve  has 
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very  flat  middle  portion,  the  temperature  is  only  slightly  above  the  C.S.T. 
(cf.  199a).  The  list  could  also  be  extended  indefinitely  with  “less  than”  or 
“more  than”  with  the  following  considerations: 

All  hydrocarbons  and  practically  all  of  their  halogen  derivatives  are 
mutually  completely  miscible  at  all  temperatures  above  the  freezing  curves, 
except  in  a  few  cases  within  about  30°C.  below  the  critical  temperature  of 
one  component.  A  C.S.T.  of  any  solvent  with  an  aromatic  hydrocarbon  is 
about  200°C.  lower  than  that  of  the  same  solvent  with  a  paraffin  hydro¬ 
carbon  of  similar  molecular  weight.  That  of  an  olefin  is  usually  30  to  70°C. 
lower,  and  that  of  a  napthene  is  10  to  00°C.  lower  than  that  of  the  paraffin. 
The  critical  solution  temperature  in  the  same  class  of  hydrocarbons  in¬ 
creases  with  molecular  weight  except  in  some  cases  for  hydrocarbons  below 
C6.  A  higher  homologue  of  any  nonhydrocarbon  has  a  lower  C.S.T.  with 
the  same  hydrocarbon.  The  increment  for  such  pairs  is  approximately  40°C. 
for  each  additional  — CHj  group.  Introduction  of  an  amino,  hydroxyl,  car¬ 
boxyl,  nitro,  or  cyano  group  into  a  solvent  molecule  raises  the  C.S.T.  with 
a  hydrocarbon  substantially,  of  the  order  of  150  to  200°C.  Halogen  sub¬ 
stituents,  ether  oxygen  atoms,  and  carbonyl  groups  have  relatively  small 
effects.  The  quantitative  effects  of  these  and  some  other  groups  and  their 


positions  are  presented  in  citations  (61,  62). 

The  hydrocarbons  taken  with  each  solvent  in  I  able  II  are  arranged  in 
ascending  order  of  molecular  weight  tor  the  classes,  paiaffins,  olefins,  naph¬ 
thenes,  and  aromatics,  respectively.  No  distinction  is  made  between  aniline 
points  and  C.S.T.  with  aniline  because  there  is  usually  less  than  one  degree 
difference  (12),  as  should  be  expected  considering  the  flatness  of  the  curves 
of  Fig.  17.  Aniline  points  are  the  solution  points  for  equal  volumes  of  the 
components,  which  means  about  40%  by  weight  of  the  hydrocarbon  in  the 

system.  . 

Care  was  taken  to  exclude  demixing  temperatures  resulting  from  crys¬ 
tallization  of  a  component,  many  of  which  are  referred  to  as  C.S.  V.  in  other 
compilations,  as  discussed  previously  (62).  Such  a  point  can  be  a  hundrec 
degrees  or  more  above  the  calculated  C.S.T.,  and  be  misleading  as  to  mis¬ 
cibility  of  the  liquids.  On  the  other  hand  the  two  points  are  coincident  in 
some  cases  because  in  cooling  the  solution  past  the  C  S  X.  the  sudden  in¬ 
crease  in  mole  fraction  of  one  component  m  one  ot  the  resulting  hq 

phases  is  often  sufficient  to  crystallize  it.  ....  , 

Aniline  and  other  aromatic  solvents  are  very  similar  in  "^.lyctor 
acteristics,  as  illustrated  by  the  parallel, s„,  of  the  linn  .r ^he  graph 
nitrobenzene  and  nitrotoluene  points  (60),  so  that  missing  C.  .  • 
aromatic  solvent  may  be  estimated  from  aniline  points  if  a  C.b.L.  o 
oneTparaffin  isomer  is  Known  with  that  solvent  Moreover  it  was  noted 

independently  by  Chavanne  and  Simon  (36),  by  Francis  (59),  • 

( Continued  on  p.  SOI) 


TABLE  II 

Critical  Solution  Temperatures  with  Hydrocarbons 


Solvent 

C.S.T.  with 
w-Heptane 

Hydrocarbon 

C.S.T. 

References 

Acetal 

(-61) 

Two  lubricating  oils 

<0 

56c,  61 

Acetamide 

(363) 

Benzene 

142.5 

62  (Table  I) 

?n-Xylene 

79? 

120,  188  (p. 

121) 

m-Xylene 

200 

62 

Naphthalene 

148.5 

120,  188 

Biphenyl 

167 

120,  188 

Bibenzyl 

185 

120,  188 

a-Methylnaphthalene 

169.5 

120,  188 

Diphenylmethane 

178 

120,  188 

Indene 

144 

120 

Acenaphthene 

178 

120,  188 

Acetanilide 

204 

Eight  nonaromatics 

61 

Acetic  acid 

10.5 

n-Hexane 

-5 

20,  61 

Isooctane 

7 

61,  140 

Petroleum  (185-95°) 

50.5 

104 

Cyclohexane 

5 

61,  104 

Four  other  non-aromatics 

61 

Five  lubricating  oils 

153-201 

56c,  61,  163a 

Acetic  anhydride 

68 

Isooctane 

66 

4,  61 

Petroleum  (170-80°) 

85.5 

106 

Cyclohexane 

52 

4,  61,  62,  106 

Methylcyclohexane 

56 

4,  61,  62 

Decalin  ( cis ) 

83 

4,  62 

Decalin  ( trans ) 

81.1 

4 

Gasoline  (n  =  1.406) 

54 

144 

Five  other  nonaromatics 

61 

Fifteen  aromatics 

62 

Five  lubricating  oils 

143-172 

56c,  61,  163a 

Acetoacetanilide 

(182) 

Decalin 

144 

62 

Six  aromatics 

62 

Acetone 

-28 

Isopentane 

ca.  — 160 

173b 

n-Octane 

-5.5 

165 

2, 7-Dimethyl  octane 

18 

225 

n-Dodecane 

16.5 

165 

n-Hexadecane 

35.8 

165 

n-Heptadecane 

38 

165 

Diisopentene 

-3.8 

75 

n-Pentacosane 

65 

61 

n-Pentacosane 

>82 

163a 

Seven  other  nonaromatics 

61 

Seven  lubricating  oils 

46  to  >87 

56c,  61,  158a, 

Acetone  oxime 

(5) 

Cetane 

35 

163a 

fij. 

Acetonitrile 

84 

n-Pentane 

>60 

Di 

64 

n-Hexane 

77 

64 

n-Heptane 

84 

37,  61 
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TABLE  II — Continued 


Solvent 

C.S.T.  with 
n-Heptane 

Hydrocarbon 

C.S.T. 

References 

Acetoni  trile — Cont. 

Triptane 

73.5 

64 

Isooctane 

81 

37,  61,  140 

1-IIeptene 

38 

64 

Cyclohexane 

76 

61,  62 

Methylcyclohexane 

78 

61,  62 

Decalin 

106 

62 

Sixteen  aromatics 

62 

Lubricating  oil 

>82 

56c 

Acetonylacetone 

68 

Petroleum  ether  (42-62°) 

>b.p. 

164 

Petroleum  ether  (80-100°) 

>b.p. 

164 

Five  other  nonaromatics 

61 

Methylcyclohexane 

39 

62 

Decalin 

60 

62 

Diamylbenzene 

21 

62 

Diamyl  naphthalene 

0 

62 

Acetophenone 

4 

n-Butane 

10.6 

60 

Isobutane 

24.5 

60 

n-Decane 

10 

20 

Seven  other  nonaromatics 

61 

Three  lubricating  oils 

13-47 

56c,  61 

Acetylacetone 

(-14) 

Lubricating  oil 

31.6 

56c 

Acetyl  chloride 

(-36) 

Paraffinic  lubricating  oil 

9 

61 

Acetyldiethylam- 

6.25 

Four  heptanes 

138 

amine 

Isooctane 

46 

140 

Acetyldimethyl- 

65 

n-Heptane 

65 

64 

amine 

Acetylsalicylic 

acid  (see 
Aspirin) 

Five  aromatics 

62 

Adipic  acid 

(346) 

Aldol 

36 

Eight  nonaromatics 

61 

Allyl  alcohol 

(M) 

Two  lubricating  oils 

86-91 

56c 

m-Aminoacetani- 

(400) 

Benzene 

266? 

200  (cf.  62) 

lide 

p-Aminoacetani- 

(408) 

Benzene 

188? 

200 

lide 

Four  other  aromatics 

62 

p-Aminoaceto- 

(221) 

Nine  aromatics 

62 

phenone 

ra-Aminobenzoic 

(320) 

Benzene 

100 

64 

acid 

p-Aminobenzo- 

phenone 

(212) 

Diamylbenzene 

177 

62 

Diamylnaphthalene 

130 

62 

61 

61 

140 

o-Aminobiphenyl 

43 

Five  nonaromatics 

p-Aminobiphenyl 

125 

Eight  nonaromatics 

0-20 

p-Aminodiethyl- 

(0) 

Isooctane 

aniline 

p-Aminodimeth- 

(100) 

n-Heptane 

>100 

64 

ylaniline 

_ - — - - - - 

_ 
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TABLE  II — Continued 


Solvent 

C.S.T.  with 
»-Heptane 

Hydrocarbon 

C.S.T. 

References 

1-Aminoet  Hanoi- 

(320) 

Naphthalene 

100 

64 

(Aldehyde  am¬ 
monia) 

Ten  aromatics 

62 

p-Aminoethyl- 

(189) 

acetanilide 

2- Amino-2- 

89 

n-Heptane 

89 

64 

methyl-1 -pro- 

panol 

o-Aminophenol 

(150) 

Diamylnaphthalene 
Lubricating  oil 

115 

<170? 

64 

56c 

m-Aminophenol 

(230) 

Diamylnaphthalene 

195 

62 

p-Aminophenol 

(255) 

Diamylnaphthalene 

220 

62 

p-Aminophenyl- 

(100) 

61 

acetic  acid 
Ammonia 

63 

Propane 

35 

64 

Paraffins  (C6  to  C12) 

60-80 

123 

Propylene 

11 

64 

1-Butene 

20 

163 

Seven  other  nonaromatics 

61 

Ethylbenzene 

<15 

123 

Three  xylenes 

<15 

123 

Six  other  aromatics 

62,  Tables  1 

&  II 

Twenty-seven  hydrocar- 

>25? 

43 

bons  (mostly  aromatic) 
(NH3  probably  not  an¬ 
hydrous) 

Amyl  acetate 

(M) 

Three  lubricating  oils 

<0 

56c,  163a 

Four  amyl  alco- 

M 

Five  lubricating  oils 

<0  to  33 

56c,  61,  163a 

hols 

Isoamyl  amine 

(M) 

Paraffinic  lubricating  oil 

<0 

61 

Amyl  furoate 

-32 

Seven  nonaromatics 

61 

Amyl  oleate 

(M) 

Propane  (lower  phase  pt.) 

None 

86 

Isoamyl  nitrite 

(M) 

Paraffinic  lubricating  oil 

<0 

61 

<er<-Amylphenol 

(M) 

Paraffinic  lubricating  oil 

<0 

61 

n-Amyl  phthalate 

(M) 

Propane  (lower  phase  pt.) 

105 

87 

Isoamyl  phthalate 

(M) 

Isooctane 

<-40 

64 

Decalin 

<-35 

64 

Amyl  stearate 

(M) 

Ethane  (lower  phase  pt.) 

19 

86 

Anethole 

(M) 

Lubricating  oil 

<0 

56c 

Aniline 

70 

About  295  observed  and 

49 

40  estimated  aniline 
points  or  C.S.T. 

Points  for  121  hydrocar- 

177-179 

bons,  75  of  them  being 
additional 

About  295  observed  anc 

12 

100  estimated  points 
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1  ABLE  II — Continued 


Solvent 

C.S.T.  with 
«-Heptane 

Hydrocarbon 

C.S.T. 

References 

Aniline — Cont. 

(Total  observed 

'Hie  following  not  in- 

hydrocarbons) 

eluded  in  references  49 

111  Paraffins 

and  179: 

41  Olefins 

Nonacosane 

*122 

129 

9  Diolefins 

Propylene 

47 

64 

146  Naphthenes 

3-Ethyl-2-pentene 

-40? 

93 

107  Aromatics 

Diisobutene 

42.8? 

54 

1  Acetylene 

Diisobutenc 

36 

61 

— 

1 , 10-Hendecadiene 

23.6 

12 

415 

Nineteen  other  olefins 

148 

1-Hexadecyne 

2 

148 

1 , 1-Dimethylcyclo- 

*45.4 

12 

hexane 

1-Propyl-l -cyclopen- 

14.2 

54 

tene 

1-Butyl-l-cyclopen- 

25 

54 

tene 

1 ,3,5-Trimethylcyclo- 

56.9 

123 

hexane 

3-Cyclohexylpropene 

8 

148 

1  -Methyl-3-butylcy- 

*62.6 

35 

clopentane 

Camphene 

30 

118 

Turpentine 

<17 

125 

Octahydroindene, 

32.2 

51 

(CsHl) 

l-Cyclopentyl-2- 

8.6 

71 

cyclopentene 

4-Cyclohexyl-2-pen- 

37 

148 

tene 

Bicyclohexyl 

*47.7 

12 

4-Cyclohexyl-2-hep- 

44 

148 

tene 

1 , 3-Dicyclopentyl- 

54.8 

71 

cyclopentane 

1, 3-Dicyclopentyl- 

37.5 

71 

cyclopentene 

3-(Cyclopent-2-enyl) 

21.5 

71 

bicyclopentyl 

3,3'-Dicyclopentyl- 

67.8 

71 

bicyclopentyl 

2-Phenylheptane 

*<-17 

221 

Dodecylbenzene 

*13.7 

107 

Tetralin 

*<-20 

67 

sec-  and  iso-Butyl- 

<0 

162 

tetralin 

Octyltetralin 

10.8 

162 

2,3-Dihexylnaph- 

*-3.3 

137 

thalene 

1, 1-Diphenyl-l-octa- 

9.4 

137 

decene 

- - - 

*  Improved  value 


TABLE  II — Continued 


Solvent 

C.S.T.  with 
n-Heptane 

Aniline  Cont. 

Anisaldehyde 

80 

o-Anisidine 

(70) 

p-Anisidine 

(130) 

Anisole 

Anthranilic  acid 
Antimony  bromide 
Antimony  chlo¬ 
ride 

(M) 

204 

(190) 

(140) 

Antipyrine 

(163) 

Arsenic  bromide 
Aspirin 

(M) 

(255) 

Azobenzene 

Benzalacetone 

(20) 

(50) 

Benzaldehyde 

3 

Benzidine 

Benzoic  anhydride 

Benzoin 

Benzonitrile 

(278) 

79 

(89) 

8 

Benzoyl  chloride 
Benzoyl-a-naph- 
thylamine 
Benzyl  acetate 

(M) 

(213) 

-13.1 

Hydrocarbon 


1  -Phenyl-  1-a-naphthyl- 
1-octadecene 
Seven  other  dicyclics 
Four  lubricating  oils 
Petroleum  ether  (42-62°) 
Petroleum  ether  (80-100°) 
Isooctane 
Lubricating  oil 
Isooctane 
Cyclohexane 
Methylcyclohexane 
Decalin  ( cis ) 

Decalin  ( trans ) 

|  Decalin  (cis) 

Decalin  (trans) 
Lubricating  oil 
Eight  nonaromatics 
Cyclohexane 
Cyclohexane 

Cyclohexene 

Decalin 

Diamylbenzene 

Diamylnaphthalene 

Naphthalene 

Decalin 

n-Pentacosane 

Isooctane 

Petroleum  ether  (42-62°) 
Petroleum  ether  (80-100°) 
Petroleum  ether  (42-62°) 
Petroleum  ether  (80-100°) 
Isooctane 

Seven  other  nonaromatics 
Four  lubricating  oils 
Twelve  aromatics 
Seven  nonaromatics 
n-Pentacosane 
Five  heptanes 
Lubricating  oil 
Paraffinic  lubricating  oil 
n-Pentacosane 
Decalin 

Petroleum  ether  (42-62°) 
Petroleum  ether  (80-100°) 
n-Heptane 

i  2,4-Dimethylpentane 
Isooctane 


C.S.T. 

References 

*-1.1 

137 

*<0 

62 

75-115 

56c,  61 

>b.p. 

164 

55 

164 

87 

140 

91.2 

56c 

77 

4 

31.4 

4 

36.5 

4 

27.7 

4 

28.9 

4 

87 

4 

89.2 

4 

<0 

56c 

61 

175 

135 

125.5 

135 

<  m.p.  curve 

135 

127 

62 

128 

62 

100 

62 

<20 

100a  (p.  190) 

115 

64 

>300 

64 

<22 

64 

43 

164 

25.5 

164 

-1.5 

164 

-13 

164 

17 

61,  140 

61 

14-45 

56c,  61 

62 

61 

134 

64 

138 

26 

56c 

<0 

61 

258 

64 

<120 

64 

-11 

164 

A 

1 

to 

o 

164 

-13.1 

140 

-9.2 

140 

9.5 

140 

*  Improved  value 


277 


Solvent 


Benzyl  alcohol 
(thirty-two  non¬ 
aromatic  hydro¬ 
carbons  and  one 
aromatic) 


Benzyl  benzoate 

Benzyl  cyanide 

Benzyl-p-hy- 

droxybenzoate 

o-Benzylphenol 
Benzyl  phthalate 


Benzyl  sulfide 
o-Bromophenol 


1,3-Butanediol 

n-Butanol 


sec-Butanol 

Isobutanol 


TABLE  II — Continued 


C.S.T.  with 
n-Heptane 

Hydrocarbon 

C.S.T. 

References 

50.7 

n-Butane 

>60 

64 

n-Pentane 

68 

64 

n-Hexane 

50 

61,  130,  148 

Four  other  hexanes 

130 

Petroleum  ether  (42-62°) 

>b.p. 

164 

Petroleum  ether  (80-100°) 

25.2 

164 

n-Heptane 

50.7 

61,  138 

Five  other  heptanes 

138 

n-Octane 

54.5 

131,  148 

Isooctane 

73 

61,  140,  148 

Nine  other  octanes 

131 

2,7-Dimethyloctane 

72 

148 

Five  other  nonaromatics 

61 

2-Phenylhexadecane 

27.9 

222 

Three  lubricating  oils 

76-119 

56c,  61 

-2.05 

Six  heptanes 

138 

Isooctane 

16 

140 

(80) 

Petroleum  ether  (42-62°) 

>b.p. 

164 

Petroleum  ether  (80-100°) 

47 

164 

(206) 

Decalin 

92 

62 

Diamylbenzene 

99 

62 

Diamylnaphthalene 

<80 

62 

67 

Eight  nonaromatics 

61 

(125) 

Isooctane 

132 

64 

n-Pentacosane 

173 

64 

Methylcyclohexane 

27 

64 

Decalin 

<25 

64 

(M) 

Paraffinic  lubricating  oil 

<0 

61 

(-6) 

2,2-Dimethylpentane 

3.85 

138 

2,4-Dimethylpentane 

3.15 

138 

Triptane 

-3.80 

138 

Isooctane 

23 

140 

(295) 

Benzene 

75 

64 

Naphthalene 

89 

64 

a-Methylnaphthalene 

103 

64 

M 

Ethane  (lower  C.S.T.) 

38.1 

115 

Ethane  (crit.  pt.,  upper 

39.8 

115 

layer) 

n-Heptane 

<-78 

61 

n-Pentacosane 

25 

61 

Five  lubricating  oils 

1-36 

56c,  61,  163a 

M 

n-Heptane 

<-78 

61 

n-Pentacosane 

25 

61 

Four  lubricating  oils 

9  to  >40 

61,  163a 

M 

n-Heptane 

<-78 

61 

n-Pentacosane 

38 

61 

Six  lubricating  oils 

14-80 

56c,  61,  163a 

278 


Solvent 

;.S.T.  with 
n-Heptane 

2-Butanone 

(M) 

(Methyl  ethyl 
ketone) 

(M) 

n-Butyl  acetate 

“n-Butylalde- 

(M) 

hyde” 

(0) 

Butyl  Carbitol 

Butyl  Cellosolve 

(-38) 

Butyl  formate 

(M) 

Butyl  furoate 

-22 

n-Butyl  oxalate 

-55 

p-/eri-Butyl- 

(M) 

phenol 

(20) 

n-Butyl  phthalate 

Butyl  tartrate 

(20) 

n-Butyramide 

178 

Butyric  acid 

(-23) 

Carbitol  (Dieth- 

25 

ylene  glycol 
monoethyl 
ether)  (Observa¬ 
tions  in  ref.  63 
and  probably 
those  in  56c  and 
in  140  were  made 
with  impure 
Carbitol) 

Carbon  dioxide 

-51 

Carbon  disulfide 

(M) 

Carbon  tetrabro- 

«15) 

mide 

Carbon  tetrachlo- 

(<  —  40) 

ride 

Castor  oil 

44.5 

Catechol 

(181) 

Cellosolve  (/3-Eth 

-12 

oxyethanol) 

Cellosolve  acetate 

(M) 

Cetyl  stearate 

(M) 

Chloral  hydrate 

(235) 

TABLE  II— Continued 


Hydrocarbon 


Cetane 

Three  lubricating  oils 

Three  lubricating  oils 
Two  lubricating  oils 

Two  lubricating  oils 
Paraffinic  oil 
Three  lubricating  oils 
Two  lubricating  oils 
Seven  nonaromatics 
Four  nonaromatics 
Paraffinic  lubricating  oil 

Propane  (lower  phase  pt.) 
Two  lubricating  oils 
Isooctane 

Seven  nonaromatics 
Lubricating  oil 

2.2- Dimethylpentane 

2 . 3- Dimethylpentane 

2 . 4- Dimethylpentane 
Triptane 
Isooctane 
Isooctane 

Seven  other  nonaromatics 
Three  lubricating  oils 

Seven  nonaromatics 
Two  lubricating  oils 
Isopentane 
Cetane 

Three  lubricating  oils 

n-Hexane 

n-Heptane 

Diisobutene 

Cyclohexane 

Decalin 

Five  aromatics 

Six  nonaromatics 

Six  lubricating  oils 

Isooctane 

Two  lubricating  oils 

Propane  (lower  C.S.T.) 

n-Heptane 

Benzene 

Toluene 


C.S.T. 

References 

<0 

64 

<0-57 

56c,  163a 

<0 

56c,  163a 

<10 

163a 

22-47.5 

56c 

7 

64 

<10 

56c,  163a 

<10 

163a 

61 

61 

<0 

61 

106-7 

87 

<10-85 

163a 

<25 

64 

61 

22 

56c 

20 

63,  64 

14 

63,  64 

20 

63,  64 

9 

63,  64 

>90? 

140 

28 

61 

61 

109-133 

56c,  61 

61 

<0 

56c,  61 

ca.-160 

173b 

<65 

64 

<0 

56c,  61,  163a 

35 

20 

44.5 

64 

162 

64 

120 

62 

146 

62 

62 

61 

61-106 

56c,  61,  163a 

<0 

140 

27-29.5 

56c 

95.2 

50 

>102 

64 

<28 

64 

<45 

64,  214 
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TABLE  II — Continued 


Solvent 

Ic.S.T.  with 
n-Heptane 

Hydrocarbon 

C.S.T. 

References 

Chloroacetic  acid 

137 

Eight  nonaromatics 

61 

Four  aromatics 

Chloroacetone 

(40) 

Lubricating  oil 

85 

o-Chloroaniline 

13 

n-Butane 

20.8 

60 

Isobutane 

.50,5 

60 

n-Pentane 

23 

64 

Seven  other  nonaromatics 

61 

p-Chloroaniline 

80 

n-Heptane 

80 

61 

Isooctane 

86 

61 

o-Chloro  benzoic 

(99) 

Calcd.  for  n-heptane  and 

99 

199a 

acid 

benzene 

-52 

m-Chlorobenzoic 

(75) 

Calcd.  for  n-heptane  and 

75 

199a 

acid 

benzene 

-36 

p-Chlorobenzoic 

(123) 

Calcd.  for  n-heptane  and 

123 

199a 

acid 

benzene 

-13 

/3-Chloroethanol 

113 

n-Heptane 

113 

37,  61 

(Ethylene  chlo- 

Isooctane 

116 

37,  61 

rohydrin) 

Four  other  noncyclics 

61 

Three  naphthenes 

61,  62 

Eleven  aromatics 

62 

Three  lubricating  oils 

141-171 

56c,  61 

j9-Chloroethyl  ace- 

(10) 

Isooctane 

16 

140 

tate 

Chloromaleic  an- 

1.50 

n-Heptane 

150 

64 

hydride 

Cyclohexane 

115 

64 

Methylcyclohexane 

124 

64 

Tetraisopropyl  benzene 

122 

64 

a-Methyl  naphthalene 

c 

cc 

1 

V 

64 

o-Chlorophenol 

6 

Seven  nonaromatics 

61 

p-Chlorophenol 

67 

Seven  nonaromatics 

61 

Chloropicrin 

M 

n-Heptane 

<-60 

64 

Cineole 

<-20 

Isooctane 

<-20 

64 

Lubricating  oil 

<0 

56c 

Cinnamic  acid 

(70) 

n-Pentacosane 

<120 

64 

Cinnamic  aide- 

65 

Petroleum  ether  (42-62°) 

>b.p. 

164 

hyde 

Petroleum  ether  (80-100°) 

50.5 

164 

Isooctane 

82 

140 

Lubricating  oil 

87 

56c 

Cinnamyl  alcohol 

102 

Petroleum  ether  (42-62°) 

>b.p. 

164 

Petroleum  ether  (80-100°) 

56.5 

164 

Eight  other  nonaromatics 

61 

a-Citral 

<0 

Isooctane 

<0 

140 

Citronellal  hy- 

(40) 

Petroleum  ether  (42-62°) 

20.5 

164 

drate 

Petroleum  ether  (80-100°) 

9.5 

164 

Citronellal  hy- 

(80) 

Petroleum  ether  (42-62°) 

>b.p. 

164 

drate  oxime 

Petroleum  ether  (80-100°) 

>b.p. 

164 

Cottonseed  oil  (re- 

(M) 

Propane  (lower  C.S.T.) 

66.2 

50,  86 

fined) 

Isobutane  (lower  phase 

126 

86 

1 

pt.) 

— 
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1 

Solvent 

.  J 

:.S.T.  with 
»-Heptane 

Hydrocarbon 

C.S.T. 

o-Cresol 

0  ' 

Seven  nonaromatics 

Three  lubricating  oils 

19-76 

?H-CresoI 

14 

Eight  nonaromatics 

Three  lubricating  oils 

40.5-93 

p-Cresol 

12 

Seven  nonaromatics 

Three  lubricating  oils 

42.5-98 

Cresylic  acid 

0 

n-Butane 

14.2 

Isobutane 

45.5 

Isooctane 

20 

Seven  other  nonaromatics 
Three  lubricating  oils 

23-74 

Crotonaldehyde 

-14 

Seven  nonaromatics 

Four  lubricating  oils 

<21-69 

Cyanoacetic  acid 

(320) 

Benzene 

>90 

Cycloliexanol 

(M) 

Two  lubricating  oils 

<0 

Cvclohexylamine 

(M) 

Isooctane 

<0 

o-  and  p-Cyclo- 

(M) 

Paraffinic  lubricating  oil 

<0 

hexylphenols 
Diacetone  alcohol 

8 

Isooctane 

4 

(4-Hydroxy-4- 

Isooctane 

21.5 

methyl-2-pen- 

n-Pentacosane 

94 

tanone) 

Four  lubricating  oils 
Seven  other  nonaromatics 

65-96 

2,4-Diaminotolu- 

(220) 

Tetraisopropylbenzene 

185 

ene 

Diamylhydroqui- 

(M) 

Paraffinic  lubricating  oil 

<0 

none 

Dianisidine 

Dichloroacetic 

(150) 

Lubricating  oil 

<0 

acid 

2,5-Dichloro- 

(-10) 

n-Pentacosane 

<40 

aniline 

/3,|3-Dichloroethyl 

16 

n-Butane 

13.1 

ether  (Chlorex) 

n-Pentane 

11 

n-Hexane 

12 

n-Heptane 

16 

n-Octane 

20.67 

n-Nonane 

24.0 

n-Hexadecane 

47.93 

Three  lubricating  oils 

Six  other  nonaromatics 

34-68 

d,/3-Dichloroethyl 

(20) 

Ligroin 

19 

sulfide  (Mustarc 

L 

Gasoline 

20.4 

gas) 

Kerosene 

25.6 

R.R.  light  oil 

37 

2,4-Dichloro- 

(0) 

Lubricating  oil 

<40 

phenol 

Dicroton 

-24 

Eight  nonaromatics 

Di  cycl  ohexylami  n 

e  (M) 

Isooctane 

0 

References 


61 

56c,  61 
61 

56c,  61 
61 

56c,  61 
60 
60 

61,  140 
61 

56c,  61 
61 

61,  163a 
64 

56c,  61 
140 
61 

61 

140 

61,  163a 
61,  163a 
61 
64 

61 

61 

56c 

64 

64 

64,  243 
61,  243 
61,  243 
243 
243 
243 

61,  158a 
61 
220 
220 
220 
220 
56c 

61 

140 


TABLE  II — Continued 


Solvent 

C.S.T.  with 
n-Heptane 

Hydrocarbon 

C.S.T. 

Diethanolamine 

(381) 

Thirteen  aromatics 

Diethylamine 

M 

n-Heptane 

<-60 

Diethylaniline 

(M) 

Lubricating  oil 

<0 

Diethylcyclo- 

(M) 

Isooctane 

<0 

hexylamine 

Diethylene  glycol 

(312) 

ar-Methyl  naphthalene 
Thirty-three  other  aro¬ 
matics 

Lubricating  oil 

125 

>235 

Diethylene  glycol 
monoethyl  ether 
(see  Carbitol) 

Diethylene  glycol 

104 

Eight  nonaromatics 

monomethyl 
ether  (Methyl 
Carbitol) 

Diethylene  triam- 

>110 

n-Heptane 

>110 

ine 

Methylcyclohexane 

Kerosene 

98 

150 

Diethylformamide 

66 

n-Heptane 

66 

Di  (/3-hydroxy- 

(165) 

a-Methylnaphthalene 

<20 

ethyl)aniline 

Diisoamylamine 

(M) 

Isooctane 

<0 

Dimethoxymeth- 

(-45) 

Cetane 

<10 

ane  (Methylal) 

Crystal  oil 

0 

Dimethoxytetra- 

(5) 

Kerosene 

35 

methylene  gly¬ 
col 

134 

Dimethylamino- 

134 

n-Heptane 

1,2-propanediol 

Two  lubricating  oils 

<0 

Dimethylaniline 

(M) 

Dimethyldihy- 

(205) 

n-Pentacosane 

250 

droresorcinol 

Decalin 

<115 

rn-Dinitrobenzene 

(193) 

Four  nonaromatics 

Three  lubricating  oils 
Four  aromatics 

169-230 

Each  Dinitroben- 

Five  polycyclic  aromatics 

<m.p. 

zene 

2,4-Dinitroben- 

(150) 

zoyl  chloride 

Eight  nonaromatics 

2,4-I)initro- 

187 

151-206 

chlorobenzene 

Three  lubricating  oils 
Three  aromatics 

2,4-Dinitrophe- 

(186) 

Diamylbenzene 

151 

nol 

Diamyl  naphthalene 

117 

Five  dinitrophe- 

Benzene 

<m.p. 

curves 

nols 

Six  nonaromatics 

Dioxane 

-4 

References 


62 

64 

56c 

140 

62,  121 
62 

56c 


61 


64 

64 

64 

64 

64 

140 

64 

64 

64 


64 

56c,  61 
64 
64 
61 

56c,  61 
62 

100a  (p.  176) 
61 
61 

56c,  61 
62 
62 
62 

188  (p.  351) 
61 


282 


Solvent 

C.S.T.  with 
«-Heptane 

Diphenylamine 

26 

Diphenyl  disulfide 

(M) 

Diphenylethylene- 

103 

diamine 

Dipropylene  gly- 

120 

col 

Di-n-propyl- 

(M) 

ketoxime 

/3-Dithiodiglycol 

(400) 

Ditolylthiourea 

(M) 

Epichlorohvdrin 

(0) 

Ethanol 

-60 

Ethanolamine 

(323) 

/3-Ethoxyethanol 

(see  Cellosolve) 

Ethyl  abietate 

(M) 

Ethylacetanilide 

(30) 

Ethyl  acetate 

M 

Ethyl  acetoace- 

43 

tate 

TABLE  II —Continued 


. . 

Hydrocarbon 

C.S.T. 

References 

Isopentane 

44.9 

31 

61 

Four  other  nonaromatics 

Paraffinic  lubricating  oil 

<0 

61 

Eight  nonaromatics 

61 

n-Heptane 

120 

64 

Cyclohexane 

72 

64 

Methylcyclohexane 

84 

64 

a-Methylnaphthalene 

<-40 

64 

Isooctane 

<0 

140 

Naphthalene 

180 

64 

n-Heptane 

<-78 

64 

Lubricating  oil 

53.2 

56c 

Ethane 

<-78 

113,  115 

Ethane  (lower  C.S.T.) 

31.9 

115 

Ethane  (crit.  pt.,  upper 

40.67 

115 

layer) 

n-Butane 

37.5? 

114 

77-Butane 

<-78 

64 

n-Pentane 

<-78 

64 

Isopentane 

-30? 

114 

Paraffins  (160-80°) 

33.5? 

92 

7i-Decane 

-15 

20 

Biisooctyl 

38.72 

245 

“Paraffin  oil” 

89.7 

39 

n-Pentacosane 

112 

20,  61,  163a 

Three  other  non-aroma- 

61 

tics 

Five  other  oils 

108-128 

56c,  61,  163a 

Thirteen  aromatics 

62 

Paraffinic  lubricating  oil 

<0 

61 

Isooctane 

<33 

64 

Cetane 

43 

64 

n-Pentacosane 

69 

64 

n-Heptane 

<-78 

61 

n-Pentacosane 

12 

61,  163a 

Five  lubricating  oils 

-2  to  68 

56c,  61,  163a 

Propane 

32 

64 

n-Butane 

25 

64 

Isobutane 

37.7 

64 

Isooctane 

35 

61,  140 

Petroleum  ether  (42-62°) 

29 

164 

Petroleum  ether  (80-100°) 

28.5 

164 

Three  lubricating  oils 

100-130 

56c,  61 

Seven  other  nonaromatics 

61 

283 
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Solvent 

C.S.T.  with 
w-Heptane 

Ethyl  acetyl  gly- 

(60) 

colate 

Ethylaniline 

(-30) 

Ethyl  bromide 

(M) 

Ethyl  benzoate 

(M) 

Ethyl  carbamate 

(M) 

(Urethane) 

Ethyl  carbonate 

M 

Ethyl  chlorocar- 

(M) 

bonate 

Ethyl  cyanoace- 

(>90) 

tate 

Ethyldiethanol- 

135 

amine 

Ethylene  cyano¬ 
hydrin  (see  0- 
Hydroxypro- 
pionitrile) 

Ethylene  diace- 

58 

tate 

Ethylenediamine 

108 

Ethylene  difor- 

(190) 

mate 

Ethylene  glycol 

(400) 

Ethyl  ether 

M 

Ethyl  formate 

-34 

Ethyl  furoate 

20 

Ethyl  glycolate 

>80 

Ethyl  isothiocya- 

(M) 

nate 

TABLE  II — Continued 


Hydrocarbon 


Isooctane 
n-Hexane 
2-Methyl  pentane 
2 , 2-Dimethylbutane 
Isopentane 

Paraffinic  lubricating  oil 
Benzene 

Toluene 

Kerosene 

Three  lubricating  oils 
Two  lubricating  oils 

Isooctane 

n-Heptane 


n-Hexane 

n-Heptane 

Isooctane 

n-Pentacosane 

1-Heptene 

Three  naphthenes 

Twelve  aromatics 

n-Heptane 

Isooctane 

Lubricating  oil 

Twenty-nine  Aromatics 


Ten  aromatics 
Chrysene  (lower  C.S.T. 
Seven  nonaromatics 
Four  lubricating  oils 
Seven  nonaromatics 
Isooctane 
Lubricating  oil 


C.S.T. 

References 

67.5 

140 

-47.8 

219,  188  (p. 
615) 

-40.8 

219,  188  (p. 
615) 

-33.7 

219,  188  (p. 

615) 

ca.—  160 

173b 

<0 

61 

<30 

100a  (p.  112) 

<30 

214,  100a  (p. 
112) 

<0 

64 

<0 

56c,  163a 

<10 

163a 

>93 

140 

135 

64 

47 

64 

58 

64 

57 

64,  140 

137 

64 

11 

64 

62 

62 

108 

37,  64 

112 

37,  64 

<0? 

56c 

(subtract 

62 

25°,  see 
text) 

62 

207-18 

(cf.  62) 
61 

41-71 

61,  163a 
61 

>91 

140 

<0 

56c 

TABLE  II — Continued 


Solvent 

C.S.T.  with 
w-Heptane 

Hydrocarbon 

C.S.T. 

References 

Ethyl  lactate 

21 

Isooctane 

17 

61,  140 

Pinene 

19.15 

120 

Seven  other  nonaromatics 

61 

Ethyl  methyl 

(45) 

Isooctane 

52 

140 

carbamate 

Ethyl  methyl  xan- 

<-30 

n-Heptane 

<-30 

64 

thate 

Ethyl  oxalate 

23.5 

Eight  nonaromatics 

61 

Ethylphenyleth- 

84 

n-Heptane 

84 

64 

anolamine 

Isooctane 

88 

64 

Diamylbenzene 

<27 

62 

Ethyl-i3-phenyl 

(80) 

Petroleum  ether  (42-62°) 

>b.p. 

164 

glycolate 

Petroleum  ether  (80-100°) 

60 

164 

Ethyl  phthalate 

28.2 

Propane  (lower  phase  pt.) 

100.5 

87 

Five  hexanes 

139 

Six  heptanes 

138 

Petroleum  ether  (42-62°) 

20.5 

164 

Petroleum  ether  (80-100°) 

8 

164 

Ethyl  propionate 

Two  lubricating  oils 

<10  to  45? 

163a 

Ethyl  salicylate 

M 

Paraffinic  lubricating  oil 

<0 

61 

Ethyl  sulfate 

75 

n-Heptane 

75 

63,  64 

2, 2-Dimethylpentane 

65 

63 

2,3-Dimethylpentane 

61 

63 

2 , 4-Dimethylpentane 

65 

63 

Triptane 

56 

63 

Nineteen  other  nonaro- 

148 

Ethyl  tartrate 

matics 

Lubricating  oil 

136 

56c 

125 

n-Heptane 

125 

64 

Cyclohexane 

82 

64 

Ethyl  thiocyanate 

Methylcyclohexane 

92 

64 

-7 

n-Heptane 

-7 

64 

Eugenol 

Lubricating  oil 

30.4 

56c 

3 

n-Butane 

23 

60 

Isobutane 

43 

60 

Isooctane 

24.5 

140 

Isooctane 

11 

61 

Formamide 

Seven  other  nonaromatics 
Three  lubricating  oils 

21-63 

61 

56c,  61 

62 

(470) 

Naphthalene 

230 

Hexane  (crit.  pt.,  upper 

250 

103a 

Formanilide 

layer) 

228 

n-Heptane 

228 

64 

Cyclohexane 

131.5 

64 

Methylcyclohexane 

150 

64 

Formic  acid 

(185) 

Lubricating  oil 
n-Pentane 

>100 

28?  or  34.2? 

56c 

120 

n-Hexane 

180 

20 

n- Decane  and  paraffin 

200 

20 

Benzene 

74 

(cf.  62,  Table 

I) 
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Solvent 

J.S.T.  with 
n-Heptane 

Furfural 

95 

(Ninety-seven 
nonaromatics, 
thirty-nine  aro¬ 
matics) 

Furfuryl  alcohol 

115 

Furoic  acid 

168 

Glycerol 

(520) 

Glycerol  dichloro- 

(20) 

hydrin 

Glycerol -a-mono- 

(352) 

chlorohydrin 

Glycerol-a-iso- 

(-45) 

amyl  ether 

Glycerol-a-methyl 

(220) 

ether 

Glycerol-a-phenyl 

(100) 

ether 

Glyceryl  furfural 

(215) 

Glyceryl  oleate 

(-18) 

Glycolic  acid 

(320) 

Hexachlorophenol 

«55) 

Hydrazobenzene 

(150) 

Hydrogen  bromide 

(M) 

Hydrogen  chlo- 

M 

ride 

Hvdrogen  fluoride 

(280) 

Hydrogen  sulfide 

M 

Hydrocarbon 


2, 4-Dimethvl  pentane 
Triptane 
Camphene 
Pinene 
Docosane 
|  Eight  other  nonaromatics 
Eighty-five  other  non¬ 
aromatics 

j 

1  Toluene 
w-Xylene 

Three  other  aromatics 
Thirty-four  other  aro¬ 
matics 

Six  lubricating  oils 
Decalin 

Eight  nonaromatics 

Seventeen  aromatics 

Three  lubricating  oils 

Diisobutene 

Six  other  nonaromatics 

Naphthalene 

Pinene 

Five  aromatics 
Lubricating  oil 
Kerosene 

Benzene 

a  and  /3-methylnaph- 
thalenes 

Methylcyclohexane 

Benzene 

Isooctane 

Benzene 

n-Pentacosane 

n-Heptane 

Ethane 

Propane 

n-Butane 

n-Heptane 

Benzene 

Propane 

n-Butane 

Crystal  oil 

Crystal  oil  (lower  phase 
pt.) 


C.S.T. 

References 

98 

64 

90 

64 

48 

118,  120 

62.4 

120 

144.3 

28 

61,  62 

179 

<-60.7 

169 

—  55 

169 

62 

179 

122-165 

56c,  61,  163a 

88 

62 

61 

62 

148-183 

56c,  61 

107 

64 

61 

>250 

62 

43.3 

120 

62 

>  100 

56c 

<-25 

64 

<1 

64 

57 

64 

>  100 

64 

<  — 5 

64 

-18 

64 

>90 

64 

<100 

64 

61 

A 

1 

-i 

cc 

64 

<-134.5 

100a  (p.  212) 

<20 

70 

<21 

157 

<-91 

64 

>15 

108a 

<-78 

64 

<-78 

64 

-29 

64 

>100 

i  64 
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Solvent 

C.S.T.  wit! 
»-Heptane 

Hydrocarbon 

Hydroquinone 

(370) 

Naphthalene 

o-Hydroxybenzoic 

(00) 

Phenanthrene 

Diphenyl  methane 
Triphenylmethane 

Eight  other  aromatics 
ft-Heptane 

acid 

Benzene 

rw-Hydroxyben- 

(339) 

Benzene 

zoic  acid 

p-Hvdroxyben- 

(370) 

Benzene 

zoic  acid 

o-Hydroxybi- 

28 

Three  nonaromatics 

phenyl 

m-Hydroxybi- 

121 

Seven  nonaromatics 

phenyl 

p-Hydroxybi- 

(120) 

n-Pentacosane 

phenyl 

Hydroxyethyl- 

(280) 

Benzene  (colored  opal- 

ethylenediamine 

escence) 

2-Hydroxy -3- 

113 

n-Heptane 

methoxybenz- 

aldehyde 

/3-Hydroxypro- 

(318) 

Benzene 

pionitrile  (Eth¬ 
ylene  cyano¬ 
hydrin) 

Five  hydroxy- 

Calcd.  for  heptane  and 

toluic  acids 

benzene 

Lactic  acid 

(286) 

Diisobutene 

Laurie  acid 

(M) 

Benzene 

Toluene 

m-Xylene 

Propane  (lower  phase  pt.) 

Limonene 

(M) 

Lubricating  oil 

Linoleic  acid 

(M) 

Propane  (lower  phase  pt.) 

Maleic  acid 

(250) 

Maleic  anhydride 

(200) 

Decalin 

Mesityl  oxide  (4- 

(-45) 

Twenty-one  aromatics 
Lubricating  oil 

Paraffinic  oil 

Methyl-3-pen- 

Two  lubricating  oils 

tene-2-one) 

Methanol 

51 

Ethane  (crit.  pt.,  upper 

(18  Paraffins 

layer) 

Propane 

Propane 

n-Butane 

3  Olefins 

n-Butane 

fi  Naphthenes 

Isobutane 

18  Aromatics 

n-Pentane 

45  Total) 

C.S.T. 

References 

ca.  154 

100a  (p.  140) 

ca.  164 

19a 

ca.  160 

100a  (p.  140) 

177 

100a  (p.  140) 

62 

(90) 

199a 

(17) 

199a 

(119) 

199a 

(150) 

199a 

61 

61 

165 

64 

60 

64 

113 

64 

98 

64 

199a 

>160 

64 

66 

62 

100 

62 

124 

62 

111 

86,  87 

95? 

56c 

79.8 

86 

61 

211 

62 

62 

>100 

56c 

0 

61 

<10 

163a 

35.37 

115 

-32 

64 

+22? 

112a 

17? 

114,  225 

-17 

64 

20.1 

225 

14.75 

37,64,114,144 
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TABLE  II — Continued 


Solvent 


C.S.T.  with 
»-Heptane 


Methanol — Cont. 


/3-Methoxyethanol 
(Methyl  Cello- 
solve) 

Methyl  acetate 


Methylal  (see  Di- 

methoxymeth- 

ane) 

Methylaniline 


0 


Hydrocarbon 


48 


«15) 


Isopentane 
n- Hexane 


3-Methyl  pentane 
n-Heptane 

2 . 2- Dixnethylpentane 

2 . 3- Dimethylpentane 

2 . 4- Dimethylpentane 
Triptane 
Isooctane 
Isooctane 
n-Decane 

2 , 7-Dimethyloctane 
n-Pentacosane 
“Paraffin  oil” 

Propylene 

1-IIeptene 

Diisobutene 

Cyclopentane 

Methylcyclopentane 

Cyclohexane 

Methylcyclohexane 

Decalin 

Pinene 

Tetralin 

Seventeen  other  aromati 
Three  lubricating  oils 
n-Heptane 
Isooctane 

Six  other  nonaromatics 
Six  lubricating  oils 
Isooctane 
n-Pentacosane 
Three  lubricating  oils 


n-IIexane 

2- Methylpentane 

3- Methylpentane 

2 , 2-Dimethylbutane 

n-Heptane 

Isooctane 

Isooctane 

n-Pentacosane 

Methylcyclopentane 

Ethylcyclopentane 

Propylcyclopentane 

Two  lubricating  oils 


C.S.T. 

References 

10.5 

114 

32  to  43.8 

20,  245,  61 
(table  on 
p.  766) 

26.8 

64 

51 

37,  61,  63 

40 

63 

37 

63 

40 

63 

32 

63 

42.5 

37,61 

54 

140 

76 

20 

86.8 

225 

187 

61 

166 

39 

<-78 

64 

12 

61 

0 

61 

15 

64 

30.4 

64 

45  to  57.8 

51a,  61  (table 
p.  766)  242a 

46 

61,  119 

101 

62 

-64 

120 

30 

!S 

64,77 

62 

188-204 

56c,  61 

48 

37,61 

46 

37,61 

61 

95-123 

56c,  61,  163a 

<15 

64 

>50 

163a 

40-70 

56c,  163a 

-18.6 

219 

-14 

219 

-17.25 

219 

-7.65 

219 

0 

61 

9.5 

61 

5.5 

140 

46 

64 

-47.4 

219 

-49.4 

219 

-43.0 

219 

12-46 

j  56c,  61 
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TABLE  II — Continued 


Solvent 

C.S.T.  with 
H-Heptane 

Hydrocarbon 

C.S.T. 

References 

Methyl  anthran- 

46 

Petroleum  ether  (42-62°) 

2 

164 

ilate 

Petroleum  ether  (80-100°) 

<-20 

164 

Eight  other  nonaromatics 

61 

Methylanthranilic 

<100 

Paraffinic  lubricating  oil 

<170 

61 

acid 

Methylcyclohex- 

(-61) 

Paraffinic  lubricating  oil 

-16 

61 

anol 

Methylene  iodide 

97 

n-Pentane 

>100 

64 

(10  Paraffins 

n-Hexane 

100 

20,  64 

4  Naphthenes) 

n-Hexane 

105.4 

225 

2, 2-Dimethyl  butane 

>100 

64 

n-Heptane 

97 

64 

Triptane 

100 

64 

2-Methylheptane 

96 

64 

n-Octane 

96 

64 

Isooctane 

112 

64 

n-Decane 

90 

20 

2, 7-Dimethyloctane 

119.5 

225 

Paraffin 

128 

20 

Cyclopentane 

30.5 

64 

Methylcyclopentane 

44 

64 

Cyclohexane 

28.1 

64 

Cyclohexane 

34.5 

225 

Methylcyclohexane 

45 

64 

Methyl  ethyl  ke- 

tone  (see  2-Bu- 
tanone) 

Methyl  formate 

6 

n-Heptane 

6 

64 

Methyl  furoate 

57 

Seven  nonaromatics 

61 

Methyl  hydrogen 

127 

n-Heptane 

127 

64 

adipate 

Methyl  isothio- 

(M) 

Lubricating  oil 

<29.2 

56c 

cyanate 

Methyl  malonate 

(70) 

Pinene 

54.5 

120 

Methyl  nitrate 

Camphene 

55.4 

118,  120,  219 

(5) 

Lubricating  oil 

49.5 

56c 

2-Methyl-2-nitro- 

(343) 

Benzene 

123 

64 

propanediol 

Methyl  oxalate 

(75) 

Camphene 

62.6 

118,  120,  219 
64 

2-Methyl-2, 4-pen- 

7 

n-Heptane 

7 

tanediol 

Methyl  phthalate 

89 

n-Heptane 

89 

04 

Methyl  ricinoleate 
Methyl  sulfate 

(M) 

154 

Propane  (lower  phase  pt.) 
n-Heptane 

91.3 

154 

86 

64 

Three  naphthenes 

62 

Seventeen  aromatics 

62 

Methyl  thiocy- 

44 

Turpentine 

Two  lubricating  oils 
n-Heptane 

108.2 

44 

188  (p.  159) 
56c,  61 

64 

56c 

anate 

— - 

Lubricating  oil 

77.8 
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Solvent 

).S.T.  with 
n-Heptane 

Methyl-o-tolyl  ke- 

(M) 

tone 

Michler’s  ketone 

(150) 

(p,p'-Bisdimeth- 

ylaminobenzo- 

phenone) 

Monoacetin  (Gly- 

(313) 

cerol  monoace- 

tate) 

Morpholine 

5.3 

Myristic  acid 

(M) 

/3-Naphthol 

130 

a-Naphthonitrile 

67 

/3-Naphthonitrile 

74 

a -Naphthyl  amine 

113 

/3-Naphthyl  amine 

131 

m-Nitroaceto- 

178 

phenone 

3,4-Nitroamino- 

173 

toluene 

o-Nitroaniline 

206 

p-Nitroaniline 

(260) 

Nitroanisole 

Nitrobenzene 

18 

(36  Paraffins 

1  Olefin 

2  Naphthenes; 

1 

TAB  I  j E  1 1 — Coni  i nuerl 


Hydrocarbon 


Isooctane 
n -Heptane 


Five  aromatics 


w-Heptane 

2-Methylhexane 

2.2- Dimethylpentane 

2.3- Dimethylpentane 

2.4- Dimethylpentane 
Triptane 
Isooctane 
Isooctane 
n-Pentacosane 
Propane  (lower  phase  pt.) 
Six  nonaromatics 
Eight  nonaromatics 
Three  lubricating  oils 
Seven  nonaromatics 
Eight  nonaromatics 
Seven  nonaromatics 
Cetane 

n-Heptane 
Methyl  cyclohexane 
Decalin 

Diamylbenzene 
Diamylnaphthalene 
Eight  nonaromatics 

Seven  nonaromatics 
Decalin 

Fourteen  aromatics 

Lubricating  oil 

Propane 

n- Butane 

n-Butane 

Isobutane 

n-Pentane 

Isopentane 

Neopentane 

Petroleum  ether  (42-62°) 
Petroleum  ether  (80-100°) 


c.s.'r. 

References 

<0 

140 

>100 

61 

62 

5.3 

140 

5.1 

140 

6.1 

140 

0.1 

140 

6.3 

140 

0 

140 

13 

140 

29 

64 

79 

64 

104.5 

86 

61 

61 

42-91 

56c,  61 

61 

61 

61 

189 

64 

178 

64 

110 

62 

106 

62 

93 

62 

56 

62 

61 

61 

239 

62 

62 

>  100 

56c 

None 

60 

40 

60 

28.3 

225 

61 

60 

24.5 

25a,  47,  53, 

60,  226,  243 

32 

25a,  53,  60, 

1 10a,  224-7 

54  (calcd.) 

60 

20.5 

164 

5 

164 

1 
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TABLE  II — Continued 


Solvent 

C.S.T.  with 
|  /t-Heptane 

Hydrocarbon 

C.S.T. 

References 

Nitrobenzene 

n-Hexane 

20.4 

25a,  47,  60, 

( cont .) 

61,  (Table 
p.  766) 
103a,  110a, 
139,  144, 

223  to  227, 
(cf.  20) 

2-Methylpentanc 

25 

53,  130,  139, 

243 

3-Methylpentane 

21 

64,  130,  139 

2,2-Dimethylbutane 

33 

60,  130,  139, 

243 

2,3-Dimethylbutane 

24 

130,  139 

n-Heptane 

18 

25a,  47,  60, 

61,  138,  243 

2-Methylhexane 

22 

47,  53,  138 

Triptane 

22 

138,  243 

Three  other  heptanes 

138 

n-Octane 

20 

25a,  47,  131, 

227,  243 

2-Methylheptane 

23.6 

131 

2-Methylheptane 

10.6? 

47 

3-Methylheptane 

21.2 

131 

4-Methylheptane 

20.5 

131 

3-Ethylhexane 

18.9 

131 

2,3-Dimethylhexane 

19 

131 

2 , 4-Dimethylhexane 

22.8 

131 

2 , 5-Dimethyl  hexane 

28 

47,  131,  226 

3, 4-Dimethylhexane 

16.7 

131 

2-Methyl -3-ethvl  pentane 

17.2 

131 

Isooctane 

29 

61,  138,  140, 

n -Nonane 

243 

21.78 

243 

2-Methyloctane 

19.4 

47 

n-Decane 

27.5 

20 

2 , 7-Dimet  hyloctane 

18.2? 

47 

2,7-Dimethyloctane 

28.37 

25a,  225, 

n-Dodecane 

27.0 

47 

n-Tetradecane 

25.2? 

47 

n-Hexadecane 

33.3 

47 

n-Hexadecane 

38.52 

243 

n-Pentacosane 

54 

fit 

Di  isobutene 

—  25 

fil 

Cyclohexane 

-4 

61 

Methylcyclohexane 

-3 

61 

-Nitrobenzoic 

acid 

(248) 

Five  lubricating  oils 
Decalin 

14-53 

218 

56c,  61,  158a 

62 

Eight  aromatics 

— _ _ 

62 
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TABLE  II — Continued 


Solvent 


Three  nitroben¬ 
zene  acids 
p-Nitrobenzyl 
chloride 

o-Nitrochloroben- 

zene 

m-Nitrochloro- 

benzene 

p-Nitrochloro- 

benzene 

Nitrodiphenyl- 

amine 

Nitromethane 


2-Nitro-4-methyl- 

phenol 

Nitronaphthalene 

o-Nitrophenol 

w-Nitrophenol 

p-Nitrophenol 
Nitroso  -/3  -  naph- 
thol 

o-Nitrotoluene 


m-Nitrotoluene 

p-Nitrotoluene 
Nitrous  oxide 
Octadecyl stearate 
Octyl  phthalate 


(0) 

(0) 

M 

(M) 

(M) 


.S.T.  with 
-Heptane 

Hydrocarbon 

C.S.T. 

References 

Calcd.  for  benzene 

199a 

103 

Eight  nonaromatics 

61 

41 

Seven  nonaromatics 

61 

(40) 

Lubricating  oil 

<79.8 

56c 

«70) 

Isooctane 

<74 

64 

84 

n-Heptane 

84 

64 

115 

n-Hexane 

60? 

121 

n-Heptane 

115 

64,  148 

Isooctane 

107 

64,  148 

Cyclohexane 

79 

62,  148 

Methylcyclohexane 

90 

62,  148 

Decalin 

116 

62,  148 

Forty-one  other  non- 

148,  149 

aromatics 

Twelve  aromatics 

148,  149 

Seventeen  other  aro- 

62 

matics 

Lubricating  oil 

>100 

56c 

18 

Five  nonaromatics 

61 

(58) 

n-Pentacosane 

103 

32 

43 

Seven  nonaromatics 

61 

(100) 

Methyldiisopropylben- 

115 

62 

zene 

(100) 

61 

(100) 

61 

-1 

Propane 

65 

60 

n-Butane 

Isobutane 

n-Pentane 

Isopentane 

n-Hexane 

Neohexane 

Triptane 

Six  other  nonaromatics 
Four  lubricating  oils 
Isopentane 
n-Hexane 
Lubricating  oil 
n-Heptane 

Propane  (lower  phase  pt.) 
Propane  (lower  phase  pt.) 


32.8 
2 

9 

1 

11  (ealed.) 
-1 

—  4  to  35 
7.05 
—  30  (ealed.) 
<45 
<-91 

94.9 
105+ 


60 

60 

60,  76,  225 
60,  61 
60 
64 
61 

56c,  61 
76 
45 
56c 
64 
86 
87 


292 


TABLE  II — Continued 


Solvent 

C.S.T.  with 
n-Heptane 

Hydrocarbon 

C.S.T. 

References 

Oleic  acid 

(M) 

Propane  (lower  C.S.T.) 

91.1 

87 

Isobutane  (lower  phase  pt.) 

None 

86 

Lubricating  oil 

123? 

56c 

Oxalic  acid 

(400) 

Naphthalene 

>200 

64 

Palmitic  acid 

(M) 

Propane  (lower  C.S.T.) 

96.9 

50 

Paraldehyde 

-54 

Four  nonaromatics 

61 

Five  lubricating  oils 

<0  to  40 

56c,  61, 163a 

o-Phenetidine 

28 

Cyclohexane 

-2 

4,61 

Decalin  ( cis ) 

-6.3 

4 

Decalin  ( trans ) 

-6.8 

4 

Seven  other  nonaromatics 

61 

p-Phenetidine 

83 

Isooctane 

91 

4,  61 

Five  other  noncyclics 

61 

Cyclohexane 

45 

4,  61 

Methylcyclohexane 

53 

4,  61 

Decalin  (cis) 

47.3 

4 

Decalin  (trans) 

48.1 

4 

Phenol 

52.9 

Isobutane 

121 

64 

n-Pentane 

56.6 

234 

Isopentane 

63.5,  66.2 

32 

Isopentane 

69.05 

234 

w-Hexane 

51 

61,  234 

n-Hexane 

42.5 

32 

2-Methylpentane 

57.2 

234 

n-Heptane 

52.9 

61,  234 

n-Heptane 

23.5? 

32 

n-Octane 

49.5 

32 

Isooctane 

66 

61 

n-Pentacosane 

117 

61 

Petroleum  (240-5°,  d 

54.3 

234 

0.822) 

1-Pentene 

<20 

64 

Di-isobutene 

0 

61 

Methylcyclohexane 

11 

61 

Methylcyclohexane 

18 

234 

Phenylacetalde- 

Four  lubricating  oils 

74-112 

56c,  61 

(30) 

Petroleum  ether  (42-62°) 

17.5 

164 

hyde 

Petroleum  ether  (80-100°) 

6.5 

164 

Phenyl  acetate 

7.45 

Petroleum  ether  (42-62°) 

2.5 

164 

Petroleum  ether  (80-100°) 

-4.5 

164 

Six  heptanes 

138 

Isooctane 

26.5 

140 

Phenylacetonitrile 

71.3 

Lubricating  oil 

Six  heptanes 

50 

56c 

138 

Phenyl  Cellosolve 
(/3-Phenoxy- 

(60) 

Isooctane 

Methylcyclohexane 

73 

47 

140 

64 

ethanol) 

293 
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TABLE  II — Continued 


Solvent 

C.S.T.  with 
w-Heptane 

Hydrocarbon 

C.S.T. 

o-Phenylenedi- 

(206) 

Diisopropylbenzene 

Ill 

amine 

T  riphenylmethane 

91 

?n-Phenylenedi- 

(289) 

Benzene 

69 

amine 

Triphenylmethane 

98 

p-Phenylenedi- 

(292)  ' 

Eleven  aromatics 

amine 

/3-Phenylethanol 

27 

Pet  roleum  ether  (42-62°) 

30.5 

Pet  roleum  ether  (80-100°) 

6 

n-Heptane 

34 

n-Heptane 

20.7 

Five  other  heptanes 
Isooctane 

Five  other  nonaromatics 

50 

Phenylethanol- 

(133) 

Eleven  aromatics 

amine 

Phenylhydrazine 

(114) 

Three  naphthenes 

Eight  aromatics 
Lubricating  oil 

148 

Phenyl  isocyanate 

<-40 

n-Heptane 

<-40 

Lubricating  oil 

<0 

Phenyl  isothio- 

<-60 

n-Heptane 

<-60 

cyanate 

Lubricating  oil 

13 

Phenyl-a-naph- 

63 

Six  nonaromatics 

thylamine 

Phenyl  phosphite 

(22) 

n-Pentacosane 

6/ 

(The  triphenyl- 

Diisobutene 

8 

phosphite  of  ref. 

Three  other  nonaromatics 

25 

61  may  have 

Decalin 

contained  wa¬ 
ter.) 

Diamylbenzene 

Four  noncyclics 

<31 

Phenyl  phthalate 

135 

Three  naphthenes 

Three  aromatics 

Phenylpropanol 

(40) 

Petroleum  ether  (42-62  ) 

31.5 

Petroleum  ether  (80-100°) 

4.5 

Phenyl  salicylate 

(-11) 

Paraffinic  lubricating  oil 
Paraffinic  lubricating  oil 

34 

Phenylstearic  acid 

(M) 

<0 

>100 

<15.6 

Phenylthiourea 

Phosgene 

(150) 

(M) 

n-Heptane 

Four  hydrocarbons  in¬ 
cluding  lubricating  oil 

Phosphorus 

(230) 

n-Hexane 

n-Decane 

210 

250? 

n-Decane 

>390?  or 

>300 

Benzene 

190 

1 

References 


62 

100a  (p.  143), 
111 

62, 200 

100a  (p.  143), 
111,  168 

62 

164 

164 

61 

138 

138 

61,  140 
61 
62 

62 

62 

56c* 

64 

56c 

64 

56c 

61 

64 

64 

61 

62 

62 

61 

61,  62 
62 
164 
164 
61 
61 
64 
7  a, 

20 

20 

79,  80 
20 


TABLE  II — Continued 


Solvent 

C.S.T.  wi 
»-Heptan 

Phosphorus 
( cont .) 

Phosphorus  oxy- 

(M) 

chloride 

Phosphorus  tri- 

(M) 

bromide 

Phthalic  anhy- 

186 

dride 

a-Picoline 

(M) 

Picric  acid 

(400) 

Picryl  chloride 

(M) 

Pinacol 

<12 

n-Propanol 

M 

Isopropanol 

M 

Propionaldehyde 

(0) 

Propionamide 

(295) 

Propionic  acid 

M 

Propionitrile 

(20) 

p-Isopropylbenz- 

(M) 

aldehyde 

Propylenediamine 

34 

Propylene  glycol 

(300) 

Hydrocarbon 


Naphthalene 

Anthracene 

Phenanthrene 

Isooctane 

Lubricating  oil 

Eight  nonaromatics 

Lubricating  oil 
Triphenylmethane 
Triphenylmethane 
Eleven  other  aromatics 

Seven  polycyclic  aro¬ 
matics 
n-Heptane 

Ethane  (lower  C.S.T.) 
Ethane  (crit.  pt.,  upper 
layer) 
n-Heptane 
n-Pentacosane 
Paraffinic  oil 
“Paraffin  oil” 

“Paraffin  oil”  (d  0.8723) 
Five  lubricating  oils 
Ethane  (crit.  pt.,  upper 
layer) 
n-Heptane 
n-Pentacosane 
Dotriacontane 
“Paraffin  oil”  (d  0.8723) 
Five  lubricating  oils 
Isooctane 
Camphene 
Naphthalene 
n-Heptane 
Isooctane 
n-Pentacosane 
Three  lubricating  oils 
n-Decane 

2,7-Dimethyloctane 

Cyclohexane 

Isooctane 

n-Heptane 

2,4-Dimethylpentane 
Triptane 
Benzene 
Naphthalene 
«-  and  /3-Methylnaph- 
thalenes 


C.S.T. 

References 

202.7 

79,  80 

198 

79 

200 

79,  80 

<0 

64 

<0 

56c 

61 

30? 

56c 

140.3 

51b 

144.5 

111,  168 

<m.p.  curve 

100a (pp.  115  - 

21) 

<m.p. 

51b,  100a  (p. 

117) 

<12 

64 

38.67 

115 

41.7 

115 

<-78 

61 

65 

61 

82 

61 

13.5 

39 

35.2 

246 

36.5-75 

56c, 61, 163a 

44 

115 

<-78 

61 

68 

61 

88 

165 

39.7 

246 

40-83 

56c,  61,  163a 

<0 

140 

145 

120 

75 

118 

<-70 

61 

<0 

140 

8 

61 

-31  to  55? 

56c,  61 

40 

20 

55.1 

225 

12.2 

75 

<0 

140 

34 

64 

35.5 

64 

30 

64 

80 

62,  64,  159 

100 

62,64 

119 

62 
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Solvent 

C.S.T.  with 
w-Heptane 

Propylene  glycol 

(M) 

monomethyl 

ether 

Propyl  furoate 

-24 

Propyl  phosphate 

(4) 

Propyl  phthalate 

(M) 

Pyridine 

-22 

Pyrogallol 

(350) 

Pyruvic  acid 

(245) 

(2-Oxopropionic 

acid) 

Quinoline 

(-30) 

Quinone 

108 

Resorcinol 

(339) 

Resorcinol  di- 

<0 

methyl  ether 

Salicyl  alcohol 

(208) 

Salicylaldehyde 

34 

Salicylic  acid 

(90) 

Sebacic  acid 

(100) 

Stannic  bromide 

(M) 

Stannic  chloride 

(M) 

Hydrocarbon 


Isooctane 


Seven  nonaromatics 

n-Pentacosane 

Propane  (lower  phase  pt.) 

n-Heptane 

Isooctane 

Five  lubricating  oils 
Five  other  nonaromatics 
Diphenylmethane 

T  riphenylmethane 

w-Xylene 

Lubricating  oil 
Three  nonaromatics 
Five  polycyclic  aro¬ 
matics 

n-Hexane  (lower  C.S.T.?) 

Decane 

Diisobutene 

Benzene 


Toluene 

Ethylbenzene 

?n-Xylene 

Diphenylmethane 

Triphenylmethane 

Phenanthrene 

Seven  other  aromatics 

Isooctane 

Ten  aromatics 

n-Butane 

n-Pentanc 

Three  lubricating  oils 
Eight  other  nonaromatics 
n-Heptanc  (extrapolated) 
n-Pentacosane 
Benzene  (extrapolated) 
Decalin 

Diisopropylbenzene 
Paraffin  oil 
Paraffin  oil 


C.S.T. 

References 

<0 

140 

61 

49 

64 

106-7 

87 

-22 

37,  61 

-15 

37,  61 

10  to  25.7 

56c,  61,  163a 

61 

122.9 

100a  (p.  141), 

111 

178.5 

100a  (p.  141), 

111 

83.5 

121 

14 

56c 

61 

Cin.p. 

100a  (p.  127) 

curves 

250 

20 

260 

20 

>235 

64 

109 

62  (Tables  I 

&  II)  225, 

245 

131 

20,  62 

151.5 

225 

148.7 

31 

115.4 

100a  (p.  139) 

142 

100a  (p.  139) 

111 

19a, 62 

62 

<0 

140 

62 

59 

64 

41 

64 

35-78 

56c,  61 

61 

(90) 

199a 

140 

64 

(17) 

199a 

122 

62 

<120 

62 

<0 

64 

<0 

64 
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Solvent 

C.S.T.  with 
»-Heptane 

Hydrocarbon 

C.S.T. 

References 

Stannic  iodide 

136.4 

n-Pentane  (probably  no 

>199.8 

22 

(Eighteen  non- 

C.S.T.) 

aromatics,  one 

Isopentane  (probably  no 

>215 

22 

aromatic) 

C.S.T.) 

n-Hexane 

148.5 

22,  46,  79 

2-Methylpentane 

185.4 

22 

3-Methylpentane 

147.8 

22 

2,2-Dimethylbutane 

200 ± 

22 

2,3-Dimethylbutane 

166.8 

22 

n-Heptane 

136.4 

22,  46,  64,  79 

2-Methylhexane 

160.3 

22 

3-Methylhexane 

144.1 

22 

Triptane 

163 

64 

n-Octane 

-  132 

22,  46,  79 

3-Methylheptane 

138.3 

22 

Isooctane 

195.1 

22,  46,  64,  79 

Dotriacontane 

194 

79,  81 

Diisobutene 

129.0 

22 

Cyclohexane 

115.4 

22 

Methylcyclohexanc 

119.7 

22 

Benzene 

115.8 

22 

Stearic  acid 

(M) 

Propane  (lower  C.S.T.) 

91.4 

50 

Styphnic  acid  (see 

Trinitroresor- 

cinol) 

Succinonitrile 

(272) 

Benzene 

52 

64 

(Ethylene  cya- 

Lubricating  oil 

>100 

56c 

nide) 

Sulfur 

(383) 

n-Decane 

220? 

20 

(Two  nonaro- 

Paraffin 

None 

81,  112 

matics  ten 

Benzene 

163 

2,  20,  81,  100 

aromatics) 

(p.394),  112, 

245 

Benzene  (lower  C.S.T.) 

226 

79,  112 

Toluene 

179 

2,  20,  79,  112, 

100  (p. 

394), 245 

Toluene  (lower  C.S.T.) 

222 

79,  112 

Ethylbenzene 

189 

79,  112 

m-Xylene 

None 

79,  112 

p-Xylene  (SX) 

190 

73,  187  (p. 

1452) 

p-Xylene  (S,  equilibrium) 

None 

73 

Naphthalene 

<82 

64 

Biphenyl 

ca.  113 

64 

■ - - - 

Phenanthrene 

<86 

64 

TABLE  II— Continued 


Solvent 

C.S.T.  with 
M-Heptane 

Hydrocarbon 

C.S.T. 

References 

Sulfur  ( cont .) 

Fluorene 

<100 

61 

Triphenylme  thane 

147 

79,  112,  202 

Triphenylmethane  (lower 

199 

79,  112,  202 

C.S.T.) 

Sulfur  bromide 

(M) 

n-Heptane 

<-56 

64 

Sulfur  chloride 

(M) 

n-Heptane 

<-70 

64 

Isooctane 

-40 

64 

Lubricating  oil 

<0 

56c 

Sulfur  dioxide 

19.2 

Propane 

-24 

64 

n-Butane 

-4.7 

197 

(19  Paraffins, 

Isobutane 

-1 

64 

6  Olefins 

n-Pentane 

2 

130 

11  Naphthenes 

n-Hexane 

11 

20,  61,  123 

24  Aromatics 

193,  197, 

— 

225 

60  Total) 

2-Methylpentane 

10 

123 

n-Heptane 

19.2 

61,  123 

2-Methylhexane 

18 

123 

n- Octane 

26 

123,  192,  197 

2-Methylheptane 

24 

123 

Isooctane 

18.7 

61 

n- Nonane 

32 

123 

n-Decane 

37 

20,  123,  197 

2,7-Dimethyloctane 

34.1 

225 

n-Hendecane 

42 

123 

n-Dodecane 

47.1 

123, 197 

n-Tetradecane 

55.5 

197 

n-Pentacosane 

95 

61 

n-Dotriacontane 

110 

197 

Propylene 

<-78 

64 

Pentene 

<-80 

130, 194 

Pentene 

>25? 

43 

1-Heptene 

-21 

61 

Octene 

-16.5 

194 

Octene 

>25? 

43 

Oi  isobutene 

-35 

61 

Cetene 

42.7 

43,  195 

Methylcyclopentane 

8 

123 

Cyclohexane 

13 

61,  62,  123, 
191,  196, 

225 

Methylcyclohexane 

15.5 

61,  62,  123 

Ethylcyclohexane 

25 

123 

Dimethylcyclohexane 

>25 

43 

Nonanaphthene 

27 

123 

Hexahydromesitylene 

30 . 5 

123 

43,  61,  190 

Decal  in 

42 

Cyclohexene 

<-80 

196 
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Solvent 

C.S.T.  with 
n-Heptane 

Hydrocarbon 

C.S.T. 

References 

Sulfur  dioxide 

Pinene 

>25 

43 

( coni .) 

Carvene  (d-Limonene) 

<25 

43 

Styrene 

<-60 

133 

Three  other  aromatics 

62 

Twelve  other  liquid  aro- 

<25 

43 

matics 

Eight  solid  aromatics 

<m.p. 

43 

Tetrahydrofur- 

82 

Isooctane 

93 

61 

furvl  alcohol 

Isooctane 

87 

140 

Three  naphthenes 

61,  62 

Five  noncyclics 

61 

Three  aromatics 

62 

Tetramethyl- 

(150) 

n-Heptane 

>100 

64 

thiuram  disul- 

Naphthalene 

<65 

64 

fide 

Thiocarbanilide 

(134) 

n-Pentacosane 

179 

61 

Thiourea 

(200) 

61 

Thymol 

(M) 

Paraffinic  oil 

<0 

61 

Titanic  chloride 

(M) 

n-Heptane 

<0 

64 

Isooctane 

<0 

64 

Tolidine 

>100 

n-Heptane 

>100 

61 

o-Toluidine 

22 

n-Hexane 

21.1 

75,  188  (p. 

457,  559), 

219 

n-Hexane 

25 

61 

2-Methylpentane 

25.5 

188  (p.  559), 

219 

n-Heptane 

25 

61 

n-Heptane 

19.7 

138 

Five  other  heptanes 

138 

Isooctane 

35 

61 

Isooctane 

31 

140 

Methylcyclopentane 

-10.9 

219 

Ethylcyclopentane 

-8.3 

219 

Methylcyclohexane 

-6.6 

75,  219 

Methyl  cyclohexane 

-3 

61 

Four  more  non-aromatics 

61 

Three  lubricating  oils 

34-69 

56c  61 

m-Toluidine 

19 

n-Hexane 

21 .3 

45,  219 

Six  heptanes 

138 

Isooctane 

30 

140 

n-Decane 

32 

20 

2 , 7-Dimethyloctane 

38.5 

225 

Cyclohexane 

— 18  (calcd.) 

45 

Methylcyclohexane 

-8.3 

45,  188  (p. 

559),  219 
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TABLE  II — Concluded 


Solvent 

C.S.T.  with 
n-Heptane 

Hydrocarbon 

C.S.T. 

References 

p-Toluidine 

08) 

2-Methylpentane 

36 

188  (p.  559), 

219 

3-Methylpentane 

32.4 

188  (p.  559), 

219 

Isooctane 

<35 

61 

n-Pentacosane 

63 

61 

m-Toluylene- 

(>150) 

61 

diamine 

Triamylamine 

(M) 

Paraffinic  oil 

<0 

61 

stearate 

Tricaprylin 

(M) 

Propane  (lower  C.S.T.) 

100.5 

86 

Trichloroacetic 

«7) 

Isooctane 

<46 

64 

acid 

n-Pentacosane 

<52 

64 

Triethanolamine 

(380) 

Fifteen  aromatics 

62 

Triethylene  glycol 

(240) 

Thirty-one  aromatics 

62 

Triethylene- 

(210) 

Tetraisopropylbenzene 

174 

64 

tetramine 
Trimethylene  gly- 

(375) 

Isooctane 

>90 

140 

col 

Naphthalene 

155 

64 

Trinitroaniline 

Six  polycyclic  aromatics 

<m.p. 

51b,  100a  (p. 

(Picramide) 

curves 

127) 

Trinitrobenzene 

Six  polycyclic  aromatics 

<m.p. 

100a  (pp.  118- 

curves 

9) 

Trinitroresorcinol 

(360) 

Diphenylmethane 

>144.6 

100a  (p.  122) 

(Styphnic  acid) 

Triphenyl  methane 

>167.4 

100a  (p.  122) 

Ten  other  polycyclics 

<m.p. 

100a  (p.  122) 

curves 

Trinitrotoluene 

Six  polycyclic  aromatics 

<m.p. 

100a  (p.  146) 

curves 

Triolein 

(M) 

Propane  (lower  phase  pt.) 

64.5 

86 

Tripalmitin 

(M) 

Propane  (lower  C.S.T.) 

73.5 

86 

Triphenylguani- 

(106) 

Paraffinic  lubricating  oil 

151 

61 

dine 

Tristearin 

(M) 

Propane  (lower  C.S.T.) 

69.2 

86 

Valeric  acid 

(M) 

n-Decane 

-20 

20 

Water 

(540) 

Benzene 

>300 

102 

Toluene 

250? 

152 

Toluene 

>300 

102 

Xylene 

>250 

102 

Tetralin 

>250 

102 

2.4- Xylenol-l 

2.5- Xylenol-l 

-60 

(M) 

Four  nonaromatics 
Paraffinic  lubricating  oil 

<0 

61 

61 

61 

56c,  61 

Xylidines  (mixed) 

-23 

Seven  nonaromatics 

Three  lubricating  oils 

-14  to  +29 
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Schiessler  and  coworkers  (177)  that  for  isomeric  paraffins  of  widely  various 
boiling  ranges  the  aniline  points  are  related  inversely  and  linearly  to  the 
density.  Combination  of  these  two  relations  means  that  for  any  aromatic 
nonhydrocarbon  solvent  the  denser  paraffin  hydrocarbon  isomers  are  more 
soluble.  This  distinction  is  not  of  much  use  in  segregating  antiknock  quality, 
however,  because  the  latter  among  paraffin  isomers  is  related  mostly  to  the 
number  of  branches,  which  is  unrelated  to  density.  The  solubility  (or  C.S.T.) 
of  triptane  in  aniline,  for  example,  is  not  much  different  from  that  of  n- 
heptane,  although  some  heptanes  of  intermediate  antiknock  value  have 
higher  C.S.T.  and  some  have  lower  than  either.  Wiener  (240a)  has  shown 
relations  of  aniline  C.S.T.  to  structure  for  paraffin  isomers. 

On  the  other  hand  a  different  class  of  solvents,  those  with  high  dielectric 
constants,  most  of  which  are  water  soluble,  have  moderate  selectivities  for 
highly  branched  paraffins.  Methanol,  for  example,  has  C.S.T.  with  heptanes 
which  are  lowered  an  average  of  6°C.  for  each  branch.  These  solvents  can 
be  used  to  concentrate  paraffins  of  high  antiknock  value  (63),  although 
they  are  relatively  unselective  for  other  classes  of  hydrocarbons.  They 
should  be  used  preferably  on  wholly  paraffinic  products  such  as  alkylates 
from  isoparaffins.  Since  these  solvents  are  also  sensitive  to  molecular  weight, 
it  is  necessary  to  use  a  charge  stock  of  narrow  boiling  range. 

Stannic  iodide  (m.p.  144°C.)  is  a  solvent  which  is  even  more  sensitive  to 
branching  of  an  aliphatic  chain,  but  in  the  opposite  direction.  One  branch 
in  a  2-position  may  raise  the  C.S.T.  by  24  or  37°C.,  but  branches  in  other 
positions  and  an  additional  one  in  the  2-position  have  relatively  slight 
effects.  By  contrast,  stannic  iodide  is  very  unselective  to  more  fundamental 
differences  in  structure.  It  shows  no  selectivity  between  benzene  and  cyclo¬ 
hexane  although  with  other  solvents  there  is  an  average  difference  in  C.S.T. 
of  180  C.  lor  this  pair.  Stannic  iodide  is  not  practical  for  concentrating 
antiknock  value  because  of  its  high  cost,  and  the  high  temperatures  and 
pressures  required  for  the  separation. 


V.  Lower  Critical  Solution  Temperatures 

Most  of  the  temperatures  of  Table  II  are  “upper  critical  solution  tem¬ 
peratures,”  above  which  the  two  liquids  are  completely  miscible.  The 
'lower  C.S.T.”  below  which  the  two  liquids  are  completely  miscible  (so 
marked  for  sixteen  cases)  result  usually  from  the  proximity  of  the  critical 
point  of  one  component  (32.27°C.  for  ethane,  9G.8°C.  for  propane,  234.8°C 
foi  n-hexano,  and  193.8°C.  for  ethyl  ether).  Sixteen  other  points  are  marked 
»er  p  ase  pt.,  and  are  similar,  indicating  the  temperature  below  which 
a  single  phase  existed.  The  latter  were  not  necessarily  obtained  with  the 
ratio  of  component  to  give  the  lowest  possible  temperature  of  change  and 
therefore  the  lower  C.S.T.  might  be  a  little  lower.  It  can  be  considered  that 
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in  the  critical  region  such  a  component  partakes  partly  of  the  nature  of  a 
gas  and  so  becomes  less  miscible  with  other  liquids.  The  use  of  propane  as 
a  select i\ e  solvent  in  the  temperature  range  70  to  100°C.  has  been  found 
convenient  for  refining  certain  vegetable  oils  (50,  80,  87).  Although  its 
selectivity  is  only  a  function  of  “effective  molecular  weight”  (50),  the  usual 
means  of  applying  that  distinction,  fractional  distillation,  is  less  applicable 
to  oils  of  such  low  volatility. 

The  solubility  of  hexachloroethane  in  liquid  and  vapor  ethane  was  studied 
by  Holder  and  Maass  (88)  near  the  critical  temperature  of  the  saturated 
solution,  44.85°C.  In  Table  II  the  critical  temperatures  of  the  ethane  layers 
are  listed  for  five  two-phase  systems  (with  alcohols)  although  these  are 


not  C.S.T. 

Upper  C.S.T.  also  can  be  affected  substantially,  in  this  case  raised,  by 
proximity  of  a  critical  temperature.  Ethane  and  propane  have  no  C.S.T. 
with  aniline  and  nitrobenzene,  and  the  butanes  have  much  higher  aniline 
points  than  do  the  pentanes  and  hexanes.  This  effect  may  persist  even 
down  to  the  vicinity  of  the  boiling  point,  as  illustrated  by  the  higher  C.S.T. 
of  the  butanes  than  of  the  pentanes  and  hexanes  with  o-nitrotoluene  (60). 

In  two  previous  papers  (61,  62)  some  evidence  was  presented  supporting 
the  opinion  that  no  wholly  hydrocarbon  mixture  would  separate  into  two 
liquid  layers.  The  result  of  an  upper  C.S.T.  was  meant.  However,  an 
earlier  publication  (232)  which  seems  to  present  an  exception  had  been 
overlooked.  It  is  related  to  a  lower  C.S.T.  To  a  mixture  of  propane  and 
crude  oil  was  added  methane  at  about  1400  pounds  pressure.  Not  only  was 
asphalt  (nonhydrocarbon)  precipitated,  but  two  liquid  hydrocarbon  layers 
were  observed  and  analyzed,  showing  mostly  methane  and  propane  in 
somewhat  different  proportions.  Presumably  these  two  layers  would  still 
fail  to  mix  if  isolated  from  the  asphalt  ;  although  the  investigations  of  Sage 
and  coworkers  (173)  have  not  shown  a  similar  separation  into  two  liquid 
phases  under  similar  conditions  with  methane  and  either  propane  or  crystal 
oil  or  both  (172,  p.  138)  in  absence  of  nonhydrocarbons.  If  a  binary  system 
did  separate  into  two  liquids  and  a  vapor  phase,  the  phase  rule  indicates 
that  it  could  have  only  one  pressure  at  any  temperature.  The  discussion  of 
Wilson  et  al  (242)  defines  the  conditions  under  which  propane  near  its 
critical  temperature  forms  two  liquid  layers  with  heavy  naphthenic  oils. 
One  such  case  has  been  confirmed  by  the  present  author,  a  ‘■minimum  phase 
noint”  (lower  C.S.T.)  of  80°C.  being  found  for  propane  with  a  naphthenic 
oil  of  144  S.  U.  S.  viscosity  at  99°C.  No  system  containing  only  two  hvdro- 
rbons  that  separates  into  two  liquid  layers  seems  to  be  described  in  the 


car 


literature. 

When  propane  is 


used  for  refining  oils  at  ordinary  temperatuies, 


it  should 
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not  be  considered  as  a  primary  selective  solvent  (108),  but  as  an  auxiliary 
one.  It  can  precipitate  asphalts  (containing  nonhydrocarbons)  which  may 
carry  down  with  them  some  cyclic  hydrocarbons;  but  the  main  purpose  of 
the  propane  is  to  decrease  the  viscosity  of  the  oil  by  dilution  so  as  to  facil¬ 
itate  crystallization  of  wax  or  extraction  with  anothei  solvent  such  as 
cresylic  acid. 

"Lower  C.S.T.”  for  other  reasons  are  rare,  and  probably  would  not  nor¬ 
mally  occur  with  a  hydrocarbon  as  a  component  because  of  its  nonpolar 
character.  Timmermans  (223)  suggested  that  any  two  liquids  should  theo¬ 
retically  have  both  an  upper  and  lower  C.S.T.  These  cannot  usually  be 
realized  because  either  a  freezing  or  a  critical  point  intervenes,  or  else  (ac¬ 
cording  to  him)  the  "lower  C.S.T.”  is  above  the  “upper  C.S.T.”  so  that 
there  is  no  range  of  limited  liquid  miscibility.  On  the  other  hand  the  allo¬ 
tropy  of  sulfur  permits  realization  of  this  anomaly  in  a  different  sense  in 
the  case  of  three  aromatic  hydrocarbons  (79,  112,  202). 

Dolgolenko  (48)  believed  that  a  lower  C.S.T.  results  only  by  formation 
of  a  third  molecular  species,  such  as  hydrates.  Some  support  for  his  idea 
comes  from  the  analogous  and  somewhat  anomalous  observation  that  acetic 
acid  is  more  miscible  with  hydrocarbons  than  is  acetic  anhydride.  Conse¬ 
quently,  a  two-phase  system  of  some  hydrocarbons  with  acetic  anhydride 
would  become  homogeneous  on  adding  a  limited  amount  of  water  and 
shaking  until  the  anhydride  was  hydrated.  Probably  this  is  due  to  associated 
acetic  acid  molecules.  This  is  similar  to  the  quasichemical  reaction  suggested 
to  account  for  the  only  published  ternary  diagram  with  two  binodal  curves 
(183,  and  Fig.  7a).  Hirschfelder  et  al.  (85)  explained  lower  C.S.T.  by  postu¬ 
lating  the  breaking  by  kinetic  energy  of  the  hydrogen  bonds  needed  for 
mixing.  This  seems  to  be  equivalent  in  modern  terms  to  Dolgolenko’s 
explanation. 


VI.  Supersaturation 

I  he  existence  ol  supersaturated  liquid  mixtures  is  indicated  in  only  a 
lev  cases.  None  has  been  observed  by  the  present  author.  In  fact  manv 
C.S.T.  were  observed  below  the  freezing  point  of  one  component  by  rapid 
cooling  so  as  to  get  separation  of  liquid  phases  before  crystallization  took 
place.  Davis  (42)  investigated  this  point  and  found  some  systems  with 
definite  supersaturatio”,  of  the  order  of  1°,  but  not  in  the  region  of  the 

'  T'  1,1  an<1  Mc,iain  11  ,r'h)  found  no  super-cooling  of  C.S  T  with  soio 
solutions;  hut  E.  I,  Smith  (205)  observed  some  hydrocarbon  solubHife^ 
soap  solutions  three  t  imes  as  high  by  an  indirect  procedure  as  by  the  direct 
one.  Flaschner  .,8)  observed  a  supersaturated  solution  of  methylpiperidine 
in  water  near  the  center  of  a  large  two-phase  area.  ' 
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VII.  Use  of  C.S.T.  in  Analysis 


Critical  Solution  Temperatures  are  usually  nearly  linear  functions  of  com¬ 
position  for  a  mixture  of  two  similar  substances  with  a  common  solvent. 
This  relation  has  been  used  frequently  as  a  means  of  analysis  for  water 
(65,  92,  104,  105,  169a)  and  for  aromatic  hydrocarbons  using  aniline  points 
(228)  or  C.S.T.  with  aniline  (36)  or  nitrobenzene  (53,  130,  131)  or  benzyl 
alcohol  (7b,  130,  131).  The  use  of  two  such  solvents  separately,  aniline  and 
benzyl  alcohol  (7b),  to  get  independent  equations,  would  have  been  more 
efficient  if  one  of  the  solvents  had  been  nonaromatic. 

For  highly  aromatic  hydrocarbon  mixtures  the  aniline  points  are  below 
the  freezing  point  of  aniline,  preventing  the  observation.  To  meet  this 
difficulty  “mixed  aniline  points”  are  used,  a  further  application  of  the 
linear  relation  mentioned.  This  requires  dilution  of  the  sample  with  an 
equal  volume  of  straight  run  gasoline  of  60°C.  aniline  point  (125a,  198b) 
or  with  n-heptane  (12).  Unfortunately,  the  relation  is  not  very  reliable  in 
this  respect,  as  shown  by  Ball  (12)  and  by  Rice  and  Lieber  (169)  so  that 
at  best  mixed  aniline  points  give  only  a  control  test.  The  resulting  un¬ 
certainties  induced  Rice  and  Lieber  (169)  to  propose  furfural  as  a  solvent 
for  analysis  of  highly  aromatic  oils  since  its  lower  freezing  point  largely 
removes  that  limitation,  and  its  C.S.T.  are  about  32°C.  higher  than  those 
of  aniline.  Even  this  increase  is  not  enough  for  lower  aromatics  because  of 


the  very  low  temperatures  involved,  and  the  instability  of  the  solvent  to 
light  and  oxidation  has  retarded  its  general  acceptance. 

Ethylene  diformate,  which  has  C.S.T.  with  aromatic  hydrocarbons  about 
100°C.  higher  than  those  of  furfural,  was  suggested  (62)  for  this  purpose. 
It  is  colorless  and  stable  to  light,  but  must  be  kept  anhydrous  because  it 
hydrolyzes  gradually  to  glycol  and  formic  acid,  both  of  which  would  raise 
C.S.T.  greatly.  Its  C.S.T.  with  aromatic  hydrocarbons  recorded  previously 
(62)  are  now  considered  about  25°C.  too  high  because  of  the  presence  of  a 
little  glycol  in  the  reagent. 

No  single  solvent  will  cover  wide  ranges  of  aromaticity  oi  oils  satisiac- 
torily ;  but  for  control  purposes  a  solvent  can  be  selected  from  Table  II  to 
give  the  C.S.T.  in  a  convenient  temperature  range  for  any  oil.  This  is  much 
more  reliable  than  any  “mixed  solvent  point.”  Nitromethane,  for  examp  e, 
has  a  C.S.T.  with  aromatic  hydrocarbons  intermediate  between  those  o 
furfural  and  those  of  ethylene  diformate.  Going  in  the  other  direction, 
methylaniline  has  been  found  convenient  (07a)  for  testing  high  molecular 
weight  paraffinic  oils  because  it  has  solvent  points  about  77  C.  lower  than 

^Critical  solution  temperatures  have  been  used  recently  in  analysis  for 
individual  paraffin  isomers  (00,  138,  139).  The  linear  relation  was  used  also 
(01)  to  estimate  some  C.S.T.  unattainable  because  of  crystallization.  O 
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the  other  hand  Boutaric  and  Corbet  (25)  estimated  the  C.S.T.  of  methano 
and  benzene  at  29°C.  by  extrapolation  from  results  after  dilution  with 
rapeseed  oil  to  increase  the  difference  in  refractive  index.  Their  result  seems 
much  too  high  according  to  four  other  investigators  (cf.  G2),  possibly  be¬ 
cause  of  water  in  their  sample  of  methanol.  Fuoss  (66)  used  a  trace  of 
hydrochloric  acid  to  facilitate  determination  of  a  C.S.T. 

VIII.  Miscibility  Relations 

Effects  of  structure  on  miscibility  of  organic  compounds  were  discussed 
by  Ewell  et  al.  (56a),  employing  the  concept  of  hydrogen  bonding.  Mutual 
solubility  of  liquids  was  summarized  graphically  in  Fig.  4  of  a  recent  paper 
(62)  (cf.  also  103,  103a),  which  has  been  quoted  and  sometimes  called  the 
“octagon  figure.”  In  this  figure  eight  typical  liquids  were  assigned  to  the 
corners  of  an  octagon,  and  the  type  of  diagonal  indicated  qualitatively  the 
miscibility  of  any  pair.  It  was  suggested  there  how  a  much  larger  number 
of  liquids  could  be  included,  as  follows: 

Beginning  with  water  at  one  extreme  all  liquids  (except  molten  metals), 
including  solids  which  can  be  melted  at  applicable  temperatures,  are  ar¬ 
ranged  according  to  miscibility  relations,  with  high  paraffin  hydrocarbons 
at  the  other  extreme.  However,  the  arrangement  cannot  be  absolute.  The 
solvents  differ  considerably  in  selectivity  because  of  effect  of  molecular 
weight  (90),  internal  pressure  (82),  and  other  factors.  Acetone,  for  example, 
is  miscible  with  both  water  and  light  hydrocarbons,  while  aniline  is  only 
slightly  soluble  in  either.  By  contrast  with  water,  glycerol  mixes  with 
aniline  but  not  with  acetone.  If  miscibility  relations  were  known  accurately 
for  all  of  the  more  than  88,000  possible  pairs  of  the  422  liquids  which  have 
been  tested  in  some  binary  mixture  with  a  hydrocarbon  (or  over  260,000 
if  the  415  hydrocarbons  were  included),  it  might  be  possible  to  make  a 
comprehensive  diagram  by  arranging  the  reagents  in  a  rough  semicircle, 
and  assigning  different  radial  positions  to  compensate  for  the  other  factors. 
Limiting  miscibility  might  then  be  determined  by  linear  distance  instead 
of  difference  in  arc,  but  such  a  diagram  is  premature. 
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Introduction 

Solid-liquid  equilibria  play  two  roles  in  the  physical  chemistry  of  hydro¬ 
carbons.  lit  the  first,  they  are  important  in  themselves  as  a  physical  prop- 
erty  ot  individual  compounds.  As  such  they  are  salient  points  in  develop¬ 
ing  an  understanding  of  solid-phase  behavior  in  regard  to  molecular  size 
and  shape.  Associated  properties,  e.g.,  heats  of  fusion,  solid-phase  transi- 
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tions,  must  also  be  considered  to  round  out  that  aspect  of  solid-liquid 
equilibria.  In  their  second  role,  these  equilibria  are  tools  and  from  this 
point  of  view  can  be  subdivided  into  two  parts — analysis  and  separation. 
1  he  most  powerful  analytical  tool  available  for  the  determination  of  the 
pui  it y  of  highly  purified  hydrocarbons  and  of  newly  synthesized  compounds 
is  the  measurement  of  the  melting  point.  From  such  measurements  the 
purities  are  established  for  standard  samples  which  can  then  be  used  in  the 
calibration  of  other  analytical  methods.  By  means  of  solid-liquid  equilibria, 
separation  and  purification  of  hydrocarbons  which  cannot  be  achieved  by 
other  more  conventional  techniques  are  made  possible.  No  other  separa¬ 
tion  process  offers  the  possibility  of  obtaining,  at  least  theoretically,  a 
100%  pure  product  by  a  single  step.  It  is  with  these  three  aspects  in  mind 
that  this  chapter  has  been  divided  into  three  sections.  The  first  deals  with 
melting  points  and  related  properties,  the  second  with  melting  points  as  an 
analytical  tool,  and  the  third  with  purification  by  means  of  solid-liquid 
equilibria. 


1.  MELTING  POINT  AND  TRIPLE  POINT 

By  definition,  the  melting  or  freezing  point  is  that  temperature  at  which 
an  infinitesimal  crystal  is  in  thermodynamic  equilibrium  with  the  liquid 
phase.  It  should  be  clear  that  this  equilibrium  temperature  is  independent 
of  the  process  by  which  it  is  attained  so  that  the  melting  point  and  the 
freezing  point  are  identical;  the  difference  in  terminology  serves  merely 
to  reflect  the  method  of  approach  to  the  same  equilibrium  temperature. 
As  normally  measured,  the  definition  of  the  melting  or  freezing  point,  as 
above,  must  include  the  provision  that  the  liquid  be  saturated  with  dry, 
C02-free  air  at  atmospheric  pressure  at  the  equilibrium  temperature. 
Because  the  solubility  of  air  in  the  liquid  phase  lowers  the  melting  point 
and  because  the  pressure  on  the  system  also  produces  a  change  in  the  solid- 
liquid  equilibrium  temperature,  the  melting  point  will  differ  in  numerical 
value  from  the  triple  point,  which  is  that  temperature  at  which  solid,  liquid, 
and  vapor  are  in  equilibrium  at  the  equilibrium  vapor  pressure.  Ihe  dif¬ 
ference  between  these  two  temperatures  can  be  calculated  if  the  air  solu¬ 
bility  and  the  change  in  molar  volume  on  crystallization  are  known. 

2.  EFFECT  OF  PRESSURE  ON  MELTING  POINTS 

The  relation  between  the  solid-liquid  equilibrium  temperature  and  the 
pressure  is  given  in  equation  (1),  which  is  simply  the  inverted  form  of  the 
familiar  Clapeyron-Clausius  equation: 

dT  T{Vi  -  Vs) 


(1) 
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where  AH/  is  the  latent  heat  of  fusion,  V,  and  Vs  are  the  molar  volumes 
of  the  liquid  and  crystalline  phases,  and  T  is  the  fusion  temperature. 
For  hydrocarbons  the  density  of  the  solid  is  generally  greater  than  the 
liquid  so  that  an  increase  in  pressure  tends  to  raise  the  melting  point. 
Thus,  for  benzene  and  for  dotriacontane  (C.-joITe),  the  change  in  melting- 
point  with  pressure  is  0.029  and  0.028  degrees  per  atmosphere,  respectively 
(1).  In  marked  contrast,  for  water  the  solid  phase  is  less  dense  than  the 
liquid  so  that  increasing  the  pressure  actually  lowers  the  freezing  point. 

3.  LIQUID-PHASE  COMPOSITION  AND  THE  MELTING  POINT 

It  is  a  well  known  fact  that  the  composition  of  the  liquid  phase  has  a 
pronounced  effect  on  the  solid-liquid-equilibrium  temperature.  The  relation 
between  the  two  can  be  developed  quite  simply  from  well  known  thermo¬ 
dynamic  relations. 

If  the  change  in  state  from  solid  to  liquid  is  carried  out  as  a  reversible, 
equilibrium  process,  it  can  be  treated  as  any  other  reversible  reaction. 
Thus,  the  equilibrium  constant,  Kx,  for  the  reaction 

A  (solid)  ;=±  A  (liquid)  (2) 

is  equal  to  Xi,  the  mole  fraction  of  A ,  the  major  component  in  the  liquid 
phase.  It  has  been  assumed  that  the  mole  fraction  of  this  component,  A,  in 
the  solid  phase  is  unity  which  implies  that  the  minor  components  of  the 
liquid  phase  are  insoluble  in  the  solid.  In  addition,  the  liquid  phase  is  as¬ 
sumed  to  be  an  ideal  or  sufficiently  dilute  solution.  Then,  since 

Kx  =  (3) 

and  since  we  know  that  for  a  constant  pressure  process 

d  In  Kx  __  AH 

dT  ~  WT1  (4) 

then 


a  m  xt 

~dT~ 


RT 


(5) 


lor  the  fusion  process  at  temperature  T  whirT  mu  i  ^  , 
— -< - . * 


AH  =  AHf  +  (Clp  -  CSP)(T 


To), 


(6) 


where  AH/  is  the  heat  of  fusion  at  T0  and  Cl  and  rs  n 
capacities  of  the  .iquid  and  sofid  phases,  .espe’etive,^ ' 


318 


M.  K.  LINES 


T  _  T 

(5),  integrating  and  neglecting  terms  containing  0  ^ —  to  powers  higher 


than  the  second  in  the  expanded  integral,  we  find 


To 


-In*,  =  (7’„  -  T)  + 

111  o 


AH /{To  -  Tf 
RTl 


(To  -  T)\  (7) 

2  RTl 


For  hydrocarbons,  when  the  value  of  rl\  —  T  is  small,  the  last  two  terms  are 
of  second-order  importance  and  they  can  generally  be  neglected.  It  should 
be  noted  carefully  that,  in  this  derivation  of  the  melting-point-lowering 
relation,  no  assumption  has  been  made  as  to  the  nature  of  the  components 
other  than  those  already  mentioned. 

I.  Melting  Points,  Solid-Phase  Transitions  and  Associated 

Heat  Effects 

In  view  of  the  longstanding  emphasis  which  organic  chemists  have  placed 
on  the  melting  point  as  a  means  of  identification  and  characterization  of 
organic  compounds,  it  seems  hardly  necessary  to  stress  the  importance  of 
this  particular  physical  property.  Among  hydrocarbons,  the  melting  point 
assumes  even  greater  significance.  In  fact,  a  recent  survey  (  )  o  p  ysica 
properties  determined  on  hydrocarbons  shows  clearly  that  the  melting 
point  is  the  property  most  frequently  reported  for  any  new  synthetic  or 
newly  isolated  hydrocarbon.  With  the  accumulation  of  data  on  hydro¬ 
carbons,  efforts  have  been  made  to  correlate  structure  with  melting  pom 
in  order  to  be  able  to  predict  values  for  unknown  members  m  »  ^  ^ 
and  to  obtain  some  insight  into  the  melting  process.  Certainly, with 
wide  variation  in  molecular  structure  and  with  the  nature  of 
molecular  forces  remaining  the  same  for  all  molecules,  these  melting  point 
data  should  be  of  great  value  for  ultimate  tests  of  hypotheses  on 

ing  process. 

1  melting  points  of  homologous  series 

depression  equation  (equation  7),  t  s0  ^  the  purification 

will  have  a  pronounced  effect  on  the  melt  g  i  of  the  results, 

of  the  samples  is  an  importan  ^  ci  i  ei  ^  ^  result3  on  a  sample  which 
When  a  melting  point  is  reported  on  examined  carefully  to 

shows  a  considerable  melting  range .  , l*  -m  ^  ^  ^ 

- . .  -  ■« 
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point  of  a  sample  above  that  of  the  pure  material,  particular  caution  is 
necessary  in  evaluating  data  on  hydrocarbon  types  which  are  known  to 
tend  to  form  solid  solutions  with  the  probable  impurities,  e.g.,  those  hydro¬ 
carbons  with  low  entropies  of  fusion  and  the  long-chain  members  of  homol¬ 
ogous  series.  The  formation  of  solid  solutions  among  hydrocarbons  will 
be  discussed  in  later  sections  of  this  chapter. 

Of  all  hydrocarbon  types,  more  attention  has  been  given  to  the  melting 
points  of  n-alkanes  than  to  those  of  any  other  class  of  hydrocarbons. 
Values  for  numerous  members  of  this  homologous  series  have  been  re¬ 
ported  from  methane  up  to  n-heptacontane,  C70H142.  Although  the  results 
on  the  higher  members  of  the  series  have  not  been  verified,  they  have  been 
included  in  Fig.  1  to  show  the  relation  between  melting  point  and  chain 
length.  Data  on  other  homologous  series  are  not  nearly  as  complete  as 
can  be  seen  by  the  curves  in  Fig.  2  for  the  2-methylalkanes  and  the  n-1- 
alkenes.  Similar  presentations  of  melting  points  of  alkylcyclopentanes, 
alkylcyclopentenes,  alkylcyclohexanes  and  alkylbenzenes  are  available  in 
the  literature  (3,  4). 


It  is  clearly  indicated  by  the  curve  for  the  n- alkanes  that  the  melting 
point  is  asymptotically  approaching  a  maximum  value,  the  so-called  con¬ 
vergence  temperature.  Similar  behavior  has  been  noted  for  other  long- 
chain  homologous  series,  e.g.,  n-monobasic  acids,  dibasic  acids,  n-primary 
alcohols  (5).  Not  only  are  the  shapes  of  the  temperature  versus  chain- 
length  curves  similar  but  they  all  appear  to  be  approaching  similar  max¬ 
imum  \  allies,  about  400  K.  (6).  Garner  et  al.  (7)  have  calculated  from  the 
heats  of  fusion  and  the  setting  points  of  the  C22,  C26,  C30,  and  C34  n-paraffins 
that  the  convergence  temperature  is  roughly  408°K.  A  theoretical  explana¬ 
tion  for  the  identity  of  the  convergence  temperature  for  all  long-chain, 
polymethylene  molecules  was  developed  by  Eyring  (8).  On  the  basis  that 
all  long-chain  molecules  act  in  segments,  the  magnitudes  of  entropy  and 
heats  of  fusion  for  these  molecules  would  be  those  corresponding  to  the 
attainment  of  new  equilibrium  positions  for  these  segments.  Thus  with 
long  chains,  the  melting  point,  which  is  the  ratio  AHf/ASf}  will  approach 
a  limiting  value.  Since  the  nature  of  the  end  groups  becomes  unimportant 
n  very  long  chains,  the  limiting  melting  point  should  be  the  same  for  all 

395»K  F  h°moi“g“u:  Assu"™g  a  convergence  temperature  of 

39o  K,  Eyring  calculates  that  these  long  chains  act  in  segments  of  approx¬ 
imately  twenty  methylene  groups.  In  contrast  to  the  polymethvlenes  which 
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The  smooth  melting-point  versus  chain-length  curve  for  the  n-alkanes 
(Fig.  1)  has  stimulated  numerous  attempts  to  develop  analytical  expressions 
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to  calculate  the  melting  point  of  a  normal  paraffin  from  the  value  ot  the  next 
lower  member  of  the  series.  The  calculated  results  fit  the  data  available  at 


s . zr  —  -- 


322 


M.  R.  CINES 


Tables  in  which  undue  weight  seems  to  have  been  given  to  the  values  of 
Levene  et  al.  (13)  which  are  probably  too  high  (14).  Garner  et  al.  (7)  de¬ 
veloped  an  equation  which  fits  the  data  for  the  melting  points  of  n-paraffins 
above  n-e icosane  with  fair  accuracy.  The  best  relation  developed  to  date 
is  that  of  Etessam  and  Sawyer  (15)  which  is  based  on  molecular  weight 
rather  than  the  number  of  carbon  atoms  in  the  chain  as  in  previous  cor¬ 
relations.  Their  equation 

T  =  414.5M/(M  +  94.4),  (8) 

where  T  is  the  melting  point  in  degrees  Kelvin,  and  M  is  the  molecular 
weight,  represents  the  experimental  data  from  rc-heneicosane  (C21H44)  to 
n-heptacontane  (CvoHm)  within  ±0.5°K.  This  equation  predicts  the  con¬ 
vergence  temperature  of  415°K.,  which  is  slightly  higher  than  other  values. 
Until  more  precise  values  for  the  higher  members  of  the  normal  paraffin 
series  are  available,  it  would  seem  likely  that  the  equation  of  Etessam 
and  Sawyer  would  suffice  for  most  purposes. 


2.  ALTERNATION  OF  MELTING  POINTS 

The  melting  point  of  the  normal  alkanes  from  Ci  to  C20  are  plotted  as  a 
function  of  the  chain  length  in  Fig.  2  on  a  scale  large  enough  to  show  clearly 
that  the  paraffins  with  odd  chain  lengths,  up  to  Cis,  nielt  lower  than  the 
even  members  of  the  series.  This  phenomenon  of  alternation  of  melting 
points  between  odd  and  even  members  of  homologous  series  was  first  noted 
in  1877  by  Baeyer  (16)  and  has  since  been  observed  in  a  large  number  of 
homologous  series  of  long-chain  molecules,  e.g.,  mono-  and  dicarboxyhc 
acids,  methyl  esters,  nitriles,  glycols,  diamines,  halides.  However,  in  the 
case  of  n-paraffins  the  alternation  seems  to  disappear  above  t,,;  a  be¬ 
havior  apparently  unique  to  the  n-paraffins  series.  One  possible  way  to 
account  for  the  disappearance  of  alternation  is  that  actually  the  melting 
points  of  the  higher  homologues  are  in  error  as  a  result  of  solid-solution  for¬ 
mation  with  the  probable  impurities  and/or  as  a  result  of  complications  in 
phase  behavior  arising  from  the  solid-phase  changes ;  which  for  some  long- 
chain  paraffins,  occur  quite  close  to  the  melting  point  (Fig.  1).  On  the i  o  he 
hand  since  several  investigators  have  reported  freezing  points  on  diffe 
samples  of  the  same  long-chain  hydrocarbons,  aml  smce  most  o  the rva ^ 
■  '  reasonable  agreement,  it  would  seem  probable  that  the  true  melting 

the  norma,  a, Lanes  persists  beyond  C18. 
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This  phenomenon  of  alternation  in  long-chain  homologous  series  has 
stimulated  various  investigators#to  propound  theories  to  explain  it.  the 
earlier  hypotheses  asssumed  that  alternation  was  a  general  property  ex¬ 
hibited  by  other  physical  constants,  e.g.,  boiling  point,  solubility,  refrac¬ 
tive  index.  However,  in  a  careful  investigation  of  physical  properties  related 
to  the  liquid  state  for  mono-  and  dibasic  acids,  Verkade  et  al.  (17)  proved 
conclusively  that  alternation  was  restricted  to  properties  of  the  solid  phase. 
Thus,  the  explanation  of  alternation  must  be  associated  with  the  solid  state 
and  probably  does  not  arise  as  a  property  of  the  individual  molecules  them¬ 
selves.  On  this  basis,  it  is  possible  to  discount  Hinrich’s  theory  (18)  postu¬ 
lating  that  the  difference  in  properties  arises  from  the  symmetry  of  even 
members  about  their  axis  of  rotation  which  results  in  higher  moments  of 
inertia  and  therefore  greater  stability  for  even  than  for  odd-carbon-atom 
molecules.  Similarly,  Biach’s  (19)  explanation  based  on  alternating  weak 
and  strong  carbon  to  carbon  bonds,  and  Cuy’s  (20)  and  Pauly’s  (21)  as¬ 
sumption  that  alternation  resulted  from  alternating  positive  and  negative 
carbon  atoms  must  all  be  discarded  as  they  woidd  suggest  differences  in 
liquid-state  properties  as  well.  On  the  basis  of  a  zig-zag  chain  structure, 
Pauly  (21)  has  also  suggested  that  the  difference  in  melting  points  might 
arise  from  the  fact  that  the  terminal  groups  of  the  odd  series  would  be  in 
“cis”  relation  to  each  other  whereas  in  the  even  series  they  would  be  in 
the  “ trans ”  position.  The  possibilities  of  cis  and  trans  structure  were  further 


elaborated  by  Nikrassov  (22)  and  Muller  (23).  The  latter  pointed  out  that, 
in  a  crystal  of  the  even  series,  the  pattern  of  the  end  groups  repeats  with 
e\eiy  molecule  while  in  the  odd  series  two  molecular  layers  are  encountered 
before  the  pattern  repeats  so  that  a  difference  in  lattice  energy  of  the  two 
series  would  be  expected.  Malkin  (24)  has  pointed  out  that  not  all  long- 
chain  homologous  series  show  alternation,  i.e.,  n-alkanes,  C18  and  above, 
primary  alcohols,  ethyl  esters,  etc.  From  x-ray  data  on  alternating  and 
nonalternating  series,  it  has  been  found  that,  for  members  of  an  alternating 
series  the  stable  crystal  form  at  the  melting  point  is  one  in  which  the  chains 
are  tilted  at  an  angle  with  respect  to  the  basal  001  plane  while  nonalternat- 
mg  omologues  had  forms,  stable  at  the  melting  point,  consisting  of  chains 
which  were  vertical,  that  is,  perpendicular  to  the  basal  001  plane  Malkin 
points  out  that,  for  crystals  with  vertical  chains,  there  is  no  difference  in 
packing,  but  with  tilted  chains  there  is  an  obvious  difference.  The  influence 
of  chain  tilting  on  intermolecular-layer  spacing  is  shown  clearly  in  Fig  3 

““b!rn  ,a‘  r  th,e  VertiCal  ChainS>  the  intermolecular-layer  spacing 
en  molecules,  /EV,  is  identical  with  that  for  the  odd  membered 

^«Tri  mgr  th<'C!,amS’  f°r  the  e™n  «*  intermodular 

case  of ’tlr’  L  fnt  CSS  than  that  for  the  vertical  chain.  In  the 

oc  c  senes,  there  are  two  alternating  spacings,  /OTl  and  / 
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From  the  comparison  of  the  intermolecular  spacings  in  the  lower  left  hand 
corner  of  Fig.  3,  it  can  be  seen  that  spacthg  /OTi  is  the  same  as  I ET  and  less 
than  /EV  and  /ov.  However  the  second  of  the  tilted-odd-series  spacings, 
/OT2>  is  larger  than  all  the  other  spacings  including  the  vertical  type.  Thus, 
because  this  increased  spacing  represents  decreased  density  of  packing, 
the  tilted-odd-series  will  melt  at  lower  temperatures. 

In  view  of  Malkin’s  theory,  the  data  of  Muller  (25)  on  the  long  spacing 
of  the  n-paraffin  crystals  is  particularly  interesting.  lie  shows  that  the 
stable  form  at  the  melting  point  for  the  even  series  from  hexane  to  hexa- 
decane  is  the  tilted-chain  type.  Above  n-hexadecane  there  is  a  solid-phase 
transition  from  the  shorter  spacing  of  the  tilted  form  to  the  longer  spacing 


VERTICAL  CHAINS 


TILTED  CHAINS 


EVEN 


ODD 


ODD 


EVEN 


SPACING  BETWEEN 
TERMINAL  PLANES 


lov 


ICT 


IOT,  jloT, 


Fig.  3.  Effect  of  chain  tilt  on  intermolecular-layer  spacing. 

of  the  vertical  chain.  This  transition  occurs  just  a  few  degrees  below  the 
melting  point.  On  the  other  hand,  in  the  odd-membered  series,  below 
tridecane  the  stable  form  at  the  melting  point  is  the  tilted  chain  while  above 
undecane  it  is  the  vertical-chain  crystal  form.  Thus,  Malkin's  theory  would 
account,  in  straightforward  fashion,  for  the  alternation  up  to  n-«mdeca^ 
Above  this  member  of  the  series,  the  stable  form  of  the  odd  memheis  is  the 

vertical  chain  while  the  even  ones  remain  tilted  up  to  T^^^bUitv 
the  tilted  form  provides  denser  packing  and  hence  gun  (i  n  ■  ’ 

!t  would  he  expected  that  1  he  even  members  with  the  tilted  struc  ture wou d 
melt  at,  higher  temperatures  than  the  more  loosely  packed  ver  ical-chau 
odd  members  Above  n-hexadecane  all  n-alkanes  are  in  the  vertical  tonn. 
sfnce  tlleie  is  no  difference  in  packing  density,  no  alternation  in  melting 

points  should  be  expected. 
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More  recently  on  the  basis  of  theoretical  calculations  made  in  an  effort 
to  account  for  the  barrier  hindering  the  rotation  of  methyl  groups  in  ethane 
molecules,  Eyring  (26)  has  proposed  an  explanation  lor  alternation  of  the 
normal  paraffins  involving  resonance  with  double-bonded  structures.  Ac¬ 
cording  to  this  hypothesis,  double-bond  resonance  in  the  even-carbon-atom 
series  can  result  in  double  bonds  at  both  ends  of  the  molecule  simultaneously 
while  for  odd  members  only  one  terminal  double  bond  is  possible.  There¬ 
fore,  the  hydrogen  atoms  of  the  terminal  groups  of  the  even-carbon-atom 
chains  are  more  free  to  form  coordination  type  bonds  with  neighboring 
molecules  which  results  in  greater  intermolecular  forces  in  the  crystals  of 
the  even  series  and  therefore  higher  melting  points.  On  melting,  the  ex¬ 
pansion  results  in  breaking  these  coordination  bonds  so  that  alternation 
would  not  be  observed  in  the  physical  constants  of  the  liquid  state.  Since 
this  theory  is  based  on  resonance  with  double-bonded  structure,  which  in 
the  ethane  molecule  requires  the  opposed  configuration  of  the  hydrogen 
atoms  to  be  the  stable  form,  and  since  there  appears  to  be  considerable 
spectroscopic  evidence  that  the  staggered  rather  than  the  opposed  is  the 
stable  form,  Eyring’s  hypothesis  would  seem  to  need  further  substantia¬ 
tion  before  it  can  be  considered  as  a  replacement  for  Malkin’s  interpreta¬ 
tion  of  alternation. 

As  has  already  been  pointed  out,  the  melting-point  data  for  other  homol¬ 
ogous  series  are  much  less  complete  than  for  the  n-alkane  series.  For  the 
2-methyl  alkanes,  the  available  data  to  2-methyl  nonane  (27)  show  alter¬ 
nation  just  as  in  the  normal  series.  In  this  case,  it  should  be  noted  that  the 
alternation  shows  the  even-carbon-atom  molecules  melting  lower  than  the 
odd-membered  ones  which  appears  to  be  a  contradiction  of  the  previous 
observations.  However,  when  the  number  of  atoms  in  the  chain  is  consid- 
eied  rather  than  the  total  number  in  the  molecule,  the  behavior  for  this 
•senes  is  in  line  with  the  others.  For  other  paraffin  series,  there  are  insufficient 
data  to  reach  any  conclusions  about  alternation.  The  data  for  the  n-l-olefins 
up  to  1-heptadecene  (27,  28)  do  not  show  alternation.  Likewise,  on  the  basis 

of  the  available  data,  the  alkylnaphthenes  and  alkylbenzenes  do  not  show 
alternation  (3,  4). 


3.  MELTING  POINT  AND  MOLECULAR  STRUCTURE 

oftt^LSr  SUgg?M  that  because  of  their  Clique  Character  the  study 

mate  f ;  ,,f;P01n,  ?  ;.'0r  0f  hyd™arbons  might  give  valuable  infor¬ 

mal, on  fo,  the  understanding  of  the  solid  state  and  the  melting  process 

men’iriZhc t ^raffinS’  With  ,hC  ““  intermolecular  forces®  Z  Z 
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of  the  highly  purified  products.  Although  the  data  compiled  by  API  Re¬ 
search  Project  44  are  still  limited  for  the  more  complex  isomers  and  there¬ 
fore  do  not  permit  any  generalized  picture  as  yet,  certain  correlations  be¬ 
tween  molecular  structure  and  melting  points  are  possible.  In  general,  the 
n-alkanes  melt  higher  than  other  isomeric  branched  paraffins.  The  reason 
for  the  high  melting  point  is  undoubtedly  the  closer  packing  possible  with 
straight  chains  which  increases  the  heat  of  fusion  and  the  lattice  stability. 
However,  there  is  one  general  class  of  paraffins,  the  high  symmetry  iso¬ 
mers,  which  does  melt  even  higher  than  the  normal  alkanes.  Thus,  2,2- 
dimethvlpropane  has  spherical  symmetry  and  melts  at  256.56°K.  whereas 


TABLE  I 


Effect  of  Molecular  Symmetry  on  Solid  Phase  Behavior 


Hydrocarbon 

Melting 
point  °K. 

Heat  of 
fusion 
cal. /mole 

Transition 

temperature 

°K. 

Heat  of 
transition 
cal. /mole 

n-Ppntann  . 

143.44 

2011 

None 

9  9-T')impthv1nronanp . 

256.56 

778 

140.02 

616 

•n-TTpntanp  . 

182.57 

3358 

None 

9  9  9  Trimpth  vlhnt.anp . 

248.20 

526 

121.0 

567 

« -Octane  . 

216.36 

4931 

None 

9  9  9  3-Tpt rampth vlhutanp . 

373.85 

1702 

148.2 

480 

w-Mnnnnp  . 

219.56 

5280“ 

9  9  9  9  TptrnmPt.tiv1llPnffl.no . 

263.3 

— 

9  . 

242 

— 

9  ^.nimptjivlhiitftnp  . 

145.19 

191.4 

136.07 

1552 

9  9  nimpfhvIliiitftTlP  . 

174.28 

138.4 

f  140.79 
\ 126. 81 
186.09 

68.2 

1293 

1605 

279.83 

635 

179.69 

144 

( 138.07 
i  199  *30 

83 

1165 

a  includes  heat  of  transition  which  occurs  2.4°  below  m.p. 


normal  pentane  melts  at  143.44°K.  or  about  113  degrees  below  the  high 
symmetry  isomer.  Several  examples  of  similar  behavior  are  shown  in  table 
I  In  each  case,  the  spherical  or  nearly  spherical  molecule  melts  at  tempera¬ 
tures  considerably  above  those  for  the  n-paraffins.  It  is  noteworthy  hat 
all  these  high-melting  paraffins  have  solid-phase  transitions.  As  fui  10 
illustration  of  the  influence  of  spherical  symmetry  raising  melting  points 
it  should  be  noted  that  methane  melts  much  higher  than  would  be  p.edic 
by  extrapolation  of  the  melting-point  vs.  chain-length  curve  in  big.  ■ 

Inst  as  was  found  for  the  paraffins,  among  other  hydrocarbon  clas 

some  individual  compounds  which  have  formally  high  me.tmg 
points  in  comparison  with  other  members  of  the  same  group,  f  ,  y 
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clopentane,  cyclohexane,  1 , 1-dimethylcyclopentane,  1 , 1-dimethylcyclohex- 
ane,  cfs-1 ,2-dime  thylcyclohexane  and  cis- 1 ,2-dime thylcy clopentane  all 
melt  considerably  higher  in  comparison  with  other  naphthenes  than  would 
be  predicted  on  the  basis  of  their  molecular  weights.  Of  these  high-melting 
naphthenes,  four  are  known  to  be  enantiotropic  just  as  the  highly  sym¬ 
metric  paraffins.  It  has  been  suggested  (26)  that  the  cyclic  alkanes  show 
alternation  of  melting  points  similar  to  the  long-chain  paraffins.  1  he  avail¬ 
able  data,  most  of  which  have  been  reported  by  Ruzicka  (29),  show  marked 
fluctuations  rather  than  the  smooth  alternation  of  the  long-chain  mole¬ 
cules.  These  fluctuations  are  so  erratic  that  no  definite  conclusion  can  be 
reached.  It  might  be  of  some  significance  that  the  melting  point  of  cyclo- 
tetratriacontane,  C34H68,  is  about  340°Iv.  while  n-tetratriacontane,  C34H70, 
melts  at  346°K.  perhaps  indicating  convergence  of  these  cyclic  compounds 
at  approximately  the  same  temperature  as  the  straight-chain  paraffins. 

Among  the  aromatic  hydrocarbons,  the  unsubstituted  parent  molecules, 
e.g.,  benzene,  naphthalene,  anthracene,  melt  at  much  higher  temperatures 
than  the  methylated  or  alkylated  homologues,  e.g.,  toluene,  a-methyl- 
naphthalene.  The  high  symmetry  and  planar  structure  of  these  parent 
hydrocarbons  is  responsible  for  the  high  melting  points.  It  is  obvious  that 
closer  packing  is  possible  with  the  planar  molecules  than  with  the  alkyl 
aromatics.  The  resulting  greater  lattice  stability  accounts  for  the  higher 
melting  point.  In  the  case  of  alkyl  aromatics,  with  increasing  length  of  the 
side  chain  the  melting  point  approaches  more  and  more  closely  that  of  the 
chain  itself. 

When  the  long-chain  paraffins  were  discussed,  it  was  pointed  out  that 
th^y  appeal  to  act  in  segments,  made  possible  by  the  hindered-rotation 
about  the  carbon-carbon  bond,  and  hence  have  a  maximum  melting  point 


or  convergence  temperature.  As  in  the  case  of  the  polyenes  which  do  not 
have  the  same  degree  of  freedom  of  intramolecular  rotation  as  the  poly- 
methylenes,  the  parent  polynuclear  aromatics  cannot  act  in  segments;  all 
intermolecular  bonds  must  break  simultaneously  in  order  to  melt.  There¬ 
fore,  it  is  easily  understandable  that  the  melting  point  of  these  polynuclear 
aromatics  would  not  approach  a  convergence  temperature,  except  possibly 
the  melting  point  of  graphite  itself.  The  marked  contrast  between  n-paraffin 
and  polynuclear  aromatics  can  be  seen  by  comparing  two  34-carbon-atom 
molecules,  n-tetratriacontane,  C34H7o,  and  tetrabenzo-(de,  hi  op  st)  pen 
tacene ,  CMH18.  The  paraffin  melts  at  346°K.;  the  aromatic  at853°K.  (30) 
Further,  more-detailed  correlations  between  structure,  symmetry  and 
mcltmg  poin  t  will  undoubtedly  be  possible  when  more  precise  and  accurate 

carbons.  ^  °n  m°''e  °f  ““  ‘ SOmm  °f  hiSher  molecular-weight  hydro- 
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4.  SOLID-PHASE  TRANSITIONS 

In  calorimetric  studies  and  x-ray  crystallography  of  hydrocarbons,  it 
has  been  shown  that  some  possess  solid-phase  transitions  from  one  crystal 
form  to  another.  Once  again,  more  investigations  have  been  carried  out  on 
the  enantiotropism  of  n-paraffins  than  on  that  of  any  other  hydrocarbon 
class.  Ihe  known  transition  temperatures  for  this  series  have  been  indi¬ 
cated  in  Fig.  1.  In  the  lower-molecular- weight  members  of  this  series, 
transitions  have  been  observed  calorimetrically  in  n-butane,  n-nonane, 


Fig.  4.  Long  spacing  of  n-alkane  crystals. 


a-undecane  and  n-pentadecane  (31,  32,  33).  X-ray  measurements  by  Muller 
(34)  and  Piper  ct  al.  (35)  have  extended  the  range  of  n-paraffins  known  to 
have  more  than  one  crystal  form  up  to  n-tetratetracontane  (C44H90).  Ihe 
results  of  Muller’s  research  (34)  on  the  long  spacings  of  the  normal-paraffin 
crystals  from  C5H12  to  C3oH«2  are  shown  in  Fig.  4.  Above  n-e icosane,  the 
long  spacings  of  both  the  odd-  and  even-carbon-atom  chains  fall  on  the 
same  curve  when  measured  near  the  melting  point.  In  the  even  series  from 
C6IIi4  to  CidU  only  the  shorter  spacing  of  the  curve  BB,  Fig  4,  is  ob¬ 
served.  From  Cielhu  to  C22H46  the  long  spacing,  A  A,  is  observed  neai  the 
melting  point  while  the  shorter  spacing,  BB,  is  the  stable  crystal  form  a 
lower  temperatures.  In  contrast,  the  odd-carbon-atom  chains  containing 
U  to  19  carbon  atoms  crystallize  only  with  the  long  spacing  AA.  Pipei 


SOLID  LIQUID  EQUILIBRIA  OF  HYDROCARBONS 


329 


et  al.  (35)  report  a  third  spacing,  shown  by  line  CC  in  the  figure,  fiom 
C26H54  to  C36H74.  Parks  et  al.  (32)  and  Ubbelohde  (33)  report  transitions  for 
R-undecane  and  n-pentadecane  but  the  solid-phase  transformations  occur 
at  temperatures  so  close  to  the  melting  point  that  Muller  may  not  have 
observed  them.  Muller  indicates  that  the  difference  in  spacing  A  A  and  BB 
is  the  result  of  tilting  of  the  chain  with  respect  to  the  basal  001  plane.  As 
has  been  pointed  out  previously  these  results  offer  strong  support  to 
Malkin’s  theory  for  the  alternation  of  the  melting  points  of  the  n-paraffins. 
In  later  work,  M tiller  (36)  extended  his  observations  on  crystal  transitions 
to  C31H64,  C34H70  and  C44H90.  With  increasing  molecular  weight,  from 
C24H50  to  C44H90,  the  difference  between  melting  and  transition  points 
passes  through  a  maximum  value  and  then  diminishes  until  at  C44H90  the 
difference  is  only  one-half  degree.  This  general  trend,  which  indicates  that 
these  solid-phase  transitions  will  probably  disappear  in  chains  containing 
more  than  44  carbon  atoms,  was  also  noted  by  Seyer  et  al.  (37)  in  their 
dilatometric  measurements  of  the  transitions  of  n-paraffins. 

Those  solid-phase  transformations  of  the  n-paraffins  which  have  been 
observed  in  calorimetric  measurements  were  found  to  have  heat  effects 
which  are  much  smaller  than  the  heat  of  fusion.  On  the  other  hand,  the 
enantiotropism  of  spherically  symmetric  hydrocarbons  which  have  been 
studied  calorimetrically  shows  that  the  heat  and  entropy  of  transition  is 
usually  much  greater  than  similar  values  for  the  fusion  (Table  1).  By  anal¬ 
ogy  with  the  measurements  of  2 , 2-dichloropropane  (38)  (a  molecule  simi¬ 
lar  in  size  and  shape  with  2 , 2-dimethylpropane)  at  the  solid-transition 
point  the  crystal  form  of  these  spherical  molecules  changes  from  a  low- 
temperature  anisotropic  to  a  high-temperature  isotropic  form.  One  notable 
characteristic  of  all  these  spherically  symmetric  hydrocarbons  is  that  the 
volume  change  from  liquid  to  solid  is  small,  e.g.,  for  cyclohexane,  the  change 
is  only  half  that  measured  for  benzene  (1);  correspondingly,  the  crystals 
stable  between  the  melting  and  transition  points  are  of  soft  and  waxy  tex¬ 
ture.  In  contrast  the  low-temperature  crystal  form  is  hard,  brittle,  and 
opaque,  this  opacity  iesults  from  the  cracks  and  imperfections  accompany¬ 
ing  the  large  volume  change  of  the  transformation  of  the  isotropic  to 
anisotropic  crystal.  In  addition  to  those  highly  symmetric  alkanes  with 
melting  points  higher  than  the  straight-chain  compounds,  the  nearly  spher¬ 
ical  molecules,  2 , 2-dimethylbutane  and  2,3-dimethylbutane,  also  show 
these  so-called  rotational  transitions.  As  with  the  alkanes,  the  high-melting 
cyclanes  also  have  transitions  in  the  solid  phase  involving  entropy  changes 
which  are  much  greater  than  the  entropy  of  fusion.  Two  of  these  symmetric 
hydrocarbons,  cyclopentane  and  2, 2-dimethylbutane  have  a  second  solid- 
phase  transition,  involving  only  very  small  entropy  changes.  They  are 
observed  between  the  melti  ‘  ‘ 

these  two  compounds. 


tmg  point  and  the  large  rotational  transition  of 
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5.  HEAT  EFFECTS  AND  ENTROPY  CHANGES 

With  all  phase  changes  there  are,  of  course,  associated  heat  effects  and 
entropy  changes  which  are  important.  The  data  on  these  thermodynamic 
properties  for  hydrocarbons  is  much  more  limited  than  on  the  equilibrium 
tempeiatures.  Of  the  available  thermodynamic  data,  only  those  for  the 
lower  boiling  compounds  have  been  obtained  in  precision  calorimeters. 
Since  the  purity  of  the  materials  used  for  the  determination  of  the  ther¬ 
modynamic  properties  is  of  prime  importance,  the  only  reliable  measure¬ 
ments  are  those  made  in  calorimeters  vffiere  it  wras  possible  to  determine  the 
purity  of  the  samples  as  wrell  as  the  thermodynamic  properties  (see  section 
on  purity  determinations  by  melting  points).  The  calorimetric  data  for 
paraffins  up  to  n-hexadecane  are  shown  in  Fig.  5.  The  values  for  the  paraffins 
above  hexadecane  have  not  been  obtained  by  the  calorimetric  method  and 
the  purities  of  the  samples  vrere  not  well  known,  so  that  it  is  not  surprising 
to  find  that  they  do  not  correlate  very  vrell  with  the  values  for  the  lowrer 
homologues.  It  would  be  very  valuable  to  have  calorimetric  measurements 
on  the  paraffins  which  are  solid  above  room  temperature.  To  illustrate  the 
difference  between  the  calorimetric  and  other  data,  Ubbelohde  (33)  cal¬ 
culated  the  heats  of  fusion  for  normal  tetra-,  liexa-  and  octadecanes  from 
the  equation 

q  =  O.Oln  -  1.00,  (9) 

where  q  is  the  heat  of  fusion  in  calories  per  gram,  and  n  is  the  number  of 
carbon  atoms  in  the  molecule.  This  relation  w^as  obtained  by  Garner  and 
King  (39)  on  the  basis  of  their  measurements  on  four  normal  alkanes  con¬ 
taining  from  24  to  34  carbon  atoms.  The  actual  values  which  Ubbelohde 
obtained  from  his  calorimetric  measurements  were  considerably  higher 
than  those  predicted  by  the  equation.  If  the  results  of  Garner  and  King 
wrere  correct,  even  though  the  calculation  does  involve  an  extrapolation, 
it  would  be  expected  that  the  heats  of  fusion  of  the  hydrocarbons  Ci4H3o  to 
Ci8H38  would  be  closely  related  to  those  found  for  the  higher  homologues. 

In  Fig.  5,  for  the  enantiotropic  paraffins,  e.g.,  n- butane,  the  sum  of  the 
transition  and  fusion  values  agree  much  more  closely  with  the  smooth  curves 
than  do  the  fusion  data  alone.  This  behavior  is  an  example  of  the  fairly 
general  rule  that  the  sum  of  the  transition  and  fusion  heats  and  entropies 
for  enantiotropic  molecules  is  equal  to  the  normal  values  for  fusion  of 
monotropic  molecules  of  the  same  type  and  molecular  weight  (40). 

As  an  example  of  fairly  universal  behavior  of  the  heats  and  entropies  ot 
isomeric  hydrocarbons,  the  available  data  on  seven-carbon-atom  hydro¬ 
carbons  are  given  in  Table  II.  It  is  apparent  that  with  increasing  branching 
of  the  chain  the  heat  and  entropy  of  fusion  decreases;  the  highest  values  are 
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obtained  with  the  straight-chain  "-heptane.  The  decrease  in  the  heat  of 
fusion  with  branching  can  be  understood  when  the  density  of  packing  of 
molecules  in  the  crystal  lattice  is  taken  into  account.  In  the  "-alkanes,  the 
hydrogen  atoms  that  envelope  the  carbon  chains  are  all  uniformly  spaced 


Iig.  5.  Heat  and  entropy  of  fusion  of  n-paraffins. 


w  ith  respect  to  the  envelopes  of  neighboring  chains  so  that  all  the  hydrogen 
atoms  are  equally  active  in  the  intermolecular  bonding.  When  the  chain 
begins  to  branch  the  hydrogen  envelope  begins  to  bulge,  preventing  the 
uniformly  close  approach  found  in  the  n-paraffins  and  thereby  reducing  the 
total  lattice  energy  which  in  turn  results  in  lower  heats  of  fusion  and  lower 
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melting  points.  Surprisingly  enough,  when  the  branching  reaches  the  state 
of  spherical  molecules,  the  heat  of  fusion  becomes  abnormally  low  but  the 
melting  point  rises  considerably  above  the  values  for  the  straight-chain 
molecules.  Not  only  is  this  behavior  true  for  the  alkanes,  but  also  for  the 
highly  symmetric  naphthenes  as  well.  Thus,  for  the  seven -carbon-atom 
hydrocarbons  listed  in  Table  II,  the  entropy  of  fusion  generally  lies  in  the 
range  of  9  to  14  e.u.  n-Heptane  has  the  appreciably  higher  value  of  18.39 
e.u.  while,  in  marked  contrast,  for  2 , 2 , 3-trimethylbutane  the  value  is 
only  2.12  e.u.  Similarly,  the  values  for  1 , 1-dimethylcyclopentane  and  cis- 
1 ,2-dimethylcyclopentane  are  quite  low.  In  general,  all  spherically  or 

TABLE  II 


Heat  and  Entropy  of  Fusion  of  Some  C7  Hydrocarbons 


Hydrocarbon 

Melting  point 
°K. 

Heat  of  fusion 
cal. /mole 

Entropy  of 
fusion  e.u. 

n -Heptane . 

182.57 

3358 

18.39 

2-Methylhexane . 

154.89 

2120 

13.69 

3-Ethylpentane . 

154.57 

2260 

14.62 

2, 2-Dimethylpentane . 

149.37 

1401 

9.38 

2,4-Dimethylpentane . 

153.93 

1600 

10.41 

3 , 3-Dimethyl  pentane . 

138.70 

1689 

12.18 

2,2,3-Trimethylbutane . 

248.20 

526 

2.12 

Toluene . 

178.17 

1582 

8.88 

Ethyl  cyclopent  ane . 

134.73 

1640 

12.17 

1 , 1-Dimethylcyclopentane . 

203.43 

258 

1.27 

cis-1 , 2-Dimethylcyclopentane . 

219.31 

380 

1.7 

trans- 1 ,2-Dimethylcyclopentanc . 

155.59 

1540 

9.90 

n-aR$-l,3-Dimethvl  cyclopent  ane . 

139.48 

1760 

12.6 

Methyl  cyclohexane . 

146.56 

1613 

11.01 

nearly  spherically  symmetric  molecules  which  have  high  melting  points 
have  very  low  entropies  of  fusion,  2  e.u.  being  a  fairly  average  value. 


G.  ENANTIOTROPISM  AND  THE  HIGH  MELTING  POINT  OF  SPHERICALLY 

SYMMETRIC  MOLECULES 

Not  only  do  these  highly  symmetric  molecules  have  low  heats  and  en¬ 
tropies  of  fusion  and  high  melting  points  but  equally  characteristically 
the  solid  phases  are  enantiotropic.  While  crystal  transitions  are  observed 
in  other  types  of  hydrocarbons,  for  this  particular  class,  the  entropy  of 
transformation  is  always  greater  than  the  entropy  of  melting.  All  these 
characteristic  features  of  the  spherical  molecules  must  be  borne  in  mind 
in  order  to  account  for  the  high  melting  points  observed.  In  the  melting- 
process  of  normal  crystals,  as  the  temperature  is  increased  the  amplitude 
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of  the  librations  of  the  molecules  in  their  lattice  positions  increases.  As 
the  thermal  energy  increases,  the  amplitude  of  the  librations  approaches 
a  critical  value  beyond  which  rotation  occurs.  Since  the  crystal  structure 
is  not  adapted  to  permit  rotation  of  the  molecules,  the  crystal  disintegrates, 
or  melts,  when  the  thermal  energy  of  the  molecules  reaches  the  rotational 


level.  However,  with  highly  symmetric  molecules,  the  process  is  different. 
In  1930,  Pauling  (41)  postulated  that  certain  molecules  with  low  moments 
of  inertia  would  be  able  to  rotate  in  the  solid  phase,  that  actual  thermal 
effects  would  be  observed  at  the  transition  from  libration  to  rotation  and 
that,  for  polar  molecules,  the  dielectric  constant  of  the  high-temperature 
(rotating)  solid  phase  would  be  like  that  for  a  polar  liquid.  These  predic¬ 
tions  were  later  confirmed  by  measurements  on  the  hydrogen  halides. 
The  investigations  of  White  and  Morgan  (42)  and  Smyth  et  al.  (43)  have 
shown  that  similar  rotational  transitions  can  occur  in  the  solid  phase  of 
organic  molecules  with  large  moments  of  inertia. 

Support  for  the  proposal  that  rotation  can  occur  in  solid  hydrocarbons 
is  obtained  from  a  study  of  data  on  all  five  members  of  the  methylchloro- 
methane  series  (tetramethylmethane  to  tetrachloromethane),  all  of  which 
have  the  same  symmetry  and  size  since  the  methyl  group  and  the  chlorine 
substituent  are  nearly  equal  in  size;  all  five  have  more  than  one  solid  crystal¬ 
line  form.  Since  the  two  end  members  of  the  series  do  not  have  any  dipole 
moment,  dielectric  constant  measurements  are  only  possible  for  the  three 
intermediate  members,  /-butyl  chloride,  2 , 2-dichloropropane,  and  methyl 
chloroform.  Smyth  et  al.  (43)  found  that  for  these  three  compounds  there 
was  no  decrease  in  dielectric  constant  on  freezing  but  that  a  large  and  abrupt 
decrease  did  occur  on  transformation  from  the  high-temperature  crystal 
form  to  the  lower  temperature  one.  Thus,  these  three  compounds  probably 
possess  the  same  degree  of  rotational  freedom  of  the  individual  molecules 
in  the  high -temperature  solid  form  as  in  the  liquid  state,  while,  in  the  low- 
temperature  stable  crystal  form,  the  molecules  undergo  only  normal  libra¬ 
tions.  Smce  the  end  members  of  this  series  are  similar  in  all  respects  (low 
6at !’  US!°n.’ hlgh  P°int>  h,Sh  symmetry,  etc.)  tothese  intermediate 

,1S  7ry  llkely.' that  they  t0°  possess  rotational  transitions  and 
rnt  the  molecules  rotate  in  the  high  temperature  crystalline  state  Similar 
m  estigat  ions  on  polar  analogues  of  cyclohexane  and  cyclopentane  indicate 
a  these  hydrocarbon  molecules  can  also  rotate  in  the  crystal 

mewS  bX^Td- ff  T'eCUleS  can  rotate  “  «»  *>lid  phase,  their 
mg  behavioi  will  differ  from  normal  hydrocarbons  and  their  Maher 

wSSarri®: 

18  St'"  SUffiCient  m0,e“"-  interaction  to 
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thermal  energy  of  the  molecules  is  sufficient  to  cause  rotation,  the  crystal 
can  rearrange  to  accommodate  the  rotation  and  need  not  disintegrate. 
Actual  melting  is  postponed  until  the  energy  of  the  molecules  reaches  such 
a  level  as  to  result  in  movement  of  the  molecules  from  the  equilibrium  lat¬ 
tice  positions.  The  uniform  low  value  of  the  entropy  of  fusion  of  these 
crystals  in  which  molecular  rotation  occurs  has  been  accounted  for  by 
Eyring  (44)  solely  on  the  basis  that  in  the  liquid  phase  all  the  molecules 
can  share  the  total  free  volume.  The  result  of  such  sharing  is  to  produce  a 
“communal”  entropy  change  which  Eyring  calculates  to  be  equal  to  about 
2  e.u.,  which  is  in  accord  with  actual  experimental  values  (Tables  I  and  II). 


7.  LITERATURE  SOURCES  OF  MELTING  POINT  AND  ASSOCIATED  DATA 

The  data  on  melting  points  and  heats  of  fusion  have  been  collected  and 
evaluated  by  API  Research  Project  44  and  the  recent  book  of  selected 
values  (27)  covers  most  of  the  hydrocarbons  containing  up  to  ten  carbon 
atoms.  For  higher-molecular-weight  compounds  Egloff  (45)  reports  litera¬ 
ture  values  of  the  melting  points  and  recommends  “best  values”  whenever 
possible.  For  the  transitions  and  heat  effects  of  the  Ci  to  Cio  hydrocarbons 
and  for  heats  of  fusions  for  higher  hydrocarbons  the  data  are  scattered 
through  the  literature.  Measurements  by  Parks,  Huffman,  Aston,  Ub- 
belohde,  and  Garner  cover  most  of  the  available  heat  data.  For  the  long- 
chain  molecules,  transition  temperatures  have  been  determined  by  Miiller, 
Piper,  Ubbelohde,  and  Garner.  It  is  not  possible  to  tabulate  here  all  the 
available  data  nor  all  the  publications  of  these  investigators.  However, 
from  the  literature  citations  in  this  chapter,  it  will  be  easy  to  search  out 
individual  values  which  may  be  of  interest. 


II.  Purity  of  Hydrocarbons  by  Melting-Point  Determination 

Because  it  is  frequently  impossible  to  analyze  hydrocarbon  mixtures  by 
chemical  methods,  the  measurement  of  physical  properties  is  generally 
used  as  the  means  of  establishing  compositions  of  such  mixtures.  For  high  y 
nurified  hydrocarbons  which  have  been  prepared  by  a  logical  sequence  o 
separation  steps,  the  principal  impurities  will  usually  bo  isomers  which 
have  physical  properties,  i.e.,  refractive  index,  density,  and  boiling  point 
„uite  similar  in  numerical  value  to  those  for  the  major  component.  In 
such  circumstances,  it  is  necessary  to  establish  the  purity  of  highly  purified 
hydrocarbons  by  means  of  a  colligative  property  such  as  the  melting  point 
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although  the  purity  can  be  established,  it  does  not  yield  any  information  as 
to  the  identity  of  the  impurities.  While  it  is  true  that  the  purity  of  isomeric 
mixtures  of  hydrocarbons  can  be  determined  by  spectrometric  methods,  it  is 
first  necessary  to  have  standard  samples  of  all  the  components  available 
for  the  calibration  of  the  spectrometer  before  such  analyses  are  possible. 
Further,  for  highly  purified  samples,  where  the  impurity  is  of  the  order  of  a 
tenth  of  a  mole  per  cent,  the  precision  of  spectrometric  methods  is  not 
sufficient.  In  contrast,  the  determination  of  melting  points  permits  the 
analysis  of  new  materials  for  which  there  are  no  standards  available  and  is 
also  sufficiently  sensitive  (0.001  mole  %)  for  use  with  high-purity  materials. 

The  assumption  made  in  the  derivation  of  the  melting-point-depression 
equation  (equation  7)  that  the  minor  components  are  solid-insoluble  is  an 
important  qualification  which  must  be  borne  in  mind  when  considering 
purities  established  by  the  melting-point  method.  It  has  been  found  that 
almost  all  hydrocarbons  which  have  low  heats  of  fusion  tend  to  form  solid 
solutions  with  other  close-boiling  hydrocarbons  (46,  47,  48).  For  hydro¬ 
carbons  which  have  normal  heats  of  fusion,  solid-solution  formation  is 
much  less  common,  particularly  among  close-boiling  low-molecular-weight 
ones.  However,  for  the  long-chain  normal  paraffins,  for  which  the  separation 
t  f  the  homologues  is  very  difficult,  solid  solutions  are  formed  with  the  near 
leighbors  (35,  49,  50).  "therefore,  in  using  the  freezing-point  method  with 
hydrocarbons  which  belong  to  either  of  the  two  types  above,  the  possibility 
of  the  formation  of  solid  solutions,  which  would  vitiate  the  calculated  puri¬ 
ties,  should  be  borne  in  mind,  the  influence  of  solid-solution  formation  may 
be  more  readily  appreciated  when  it  is  realized  that  it  is  possible  in  such 
cases  for  the  melting  point  to  be  higher  than  that  for  the  pure  material; 
calculations,  obviously,  lead  to  the  ridiculous  result  of  greater  than  100% 
pure  material. 


1.  TECHNIQUES  FOR  DETERMINATION  OF  SOLID-LIQUID 
EQUILIBRIUM  TEMPERATURES 

Since  space  does  not  permit  a  detailed  survey  of  freezing-point  tech¬ 
niques  which  have  already  been  adequately  covered  by  Skau  (51)  and  since 
only  the  most  precise  methods  are  of  interest  here,  the  discussion  will  be 
imi  ed  to  two  techniques.  There  are,  in  general,  two  experimental  ap¬ 
proaches  to  the  determination  of  the  solid-liquid  equilibrium  temperature 

^ ^tv.h!td?TmlC;^  time-temperature  method,  and  (2)  the  static,  calorimetric 
method.  Theoretically,  both  methods  should  yield  the  same  purity  results 
provided  that  certain  conditions  are  fulfilled  in  each  case.  *  ' 

2.  DYNAMIC  METHOD— TIME-TEMPERATURE  CURVES 
The  method  of  Schwab  and  Wiehpr<s  .  ,, 

.i.  a  .1,  JSte  ,ti  ‘ E 
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in  the  course  of  the  measurement  the  purity  of  the  sample  is  destroyed. 
Other  procedures  of  high  precision  are  those  of  Smittenberg  et  al.  (53)  and 
Skau  (54).  However,  since  the  technique  developed  by  Rossini  et  al.  (55) 
at  the  National  Bureau  ot  Standards  has  been  subjected  to  considerable 
testing,  it  will  be  preferable  to  discuss  it  rather  than  the  other  methods. 

In  common  with  other  time-temperature  methods,  this  one  of  Itossini 
et  al.  (55)  employes  a  constant  heat-leak,  controlled  and  adjusted  in  this 
case  by  means  of  an  evacuable  Dewar,  to  cool  and  freeze  (or  heat  and  melt) 
the  sample.  In  addit  ion,  the  use  of  a  constant -speed  stirring  mechanism  and 
of  large  thermal  heads  between  the  refrigerant  and  the  sample  ensures  a 
constant  cooling  rate  which  is  essential  to  the  precision  of  the  method. 
Specially  designed  basket  or  spiral-tvpe  stirrers  are  used  for  ensuring 
efficient  contact  between  the  liquid  and  the  solid  phases  to  promote  the 
attainment  of  thermodynamic  equilibrium.  Precise  temperature  measure¬ 
ments  (zhO.OO  l°C.)  are  made  with  platinum  resistance  thermometers. 
For  materials  which  have  a  tendency  to  supercool  it  is  relatively  simple 
to  induce  crystallization  by  appropriate  seeding.  After  the  crystallization 
has  begun,  the  temperature  of  the  sample  is  recorded  at  definite  time  in¬ 
tervals.  During  the  cooling  period,  just  before  the  crystallization  begins, 
the  time  is  recorded  at  fixed  temperature  intervals.  W  hile  the  freezing  is 
going  on,  the  stirring  is  continued  until  the  crystallization  has  reached  the 
point  where  the  stirrer  begins  to  labor.  At  that  point,  both  the  stilling  and 
the  temperature  measurements  are  stopped.  For  those  samples  which  do 
not  approach  equilibrium  readily  on  freezing,  the  melting  point  is  deter¬ 
mined  instead.  The  apparatus  and  technique  for  this  method  have  been 
carefully  described  in  numerous  publications  by  Rossini  to  which  the  reader 
may  refer  for  further  details. 

Figure  6  shows  a  typical  set  of  data  which  were  obtained  by  the  use  of 
this  procedure.  The  lower  of  the  two  curves  shows  the  entire  time-temper- 
ature  (resistance)  relation  for  the  sample.  From  this  curve,  the  time  at 
which  the  freezing  begins  is  determined.  Then,  using  the  three  points  H 
and  /  on  the  upper  curve,  which  is  a  portion  of  the  lower  replotted  on  a 
more  sensitive  temperature  (resistance)  scale,  the  freezing  point  ol  the 
sample  is  determined  by  the  geometric  construction  as  developed  by  1  aylor 
and  Rossini  (56).  This  graphical  construction  is  based  on  a  detailed  analysu 
of  the  dynamics  of  the  crystallization  process  ,n  this  technique.  S, milady 
the  freezing  point  for  zero  impurity  can  be  determined  from  the  freezi  g 
curve  of  samples  which  are  at  least!.!)  mole  %  pure.  Fora  detailed  discussion 
Of  these  methods  the  reader  should  consult  the  paper  ol  1  aylor  and  Ros- 

SiTo  determine  the  purity  it  is  necessary  to  know,  in  addition  to  the  sohd- 
liqmd  equilibrium  temperature,  the  heat  of  fusion  or  cryoscopic  constant 
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for  the  sample.  Using  the  time-temperature  technique,  there  are  two 
methods  by  which  the  heat  of  fusion  can  be  determined.  The  first  and  most 
accurate  way  is  to  add  a  known  quantity  of  solid-insoluble  impurity  to  the 
sample  and  measure  the  lowering  of  the  freezing  point,  thus  obtaining  the 
cryoscopic  constant  directly.  However,  the  obvious  disadvantage  of  this 
method  is  that  the  valuable  high-purity  sample  is  lost.  If  a  second  sample 
is  available  of  about  97%  purity,  the  cryoscopic  constant  can  be  deter¬ 
mined  by  adding  impurity  to  it,  thereby  preserving  the  purest  sample. 
In  the  absence  of  such  a  second  sample,  it  is  possible  to  estimate  the  heat 
of  fusion  and  preserve  the  sample  as  well.  The  procedure  is  to  determine  the 


Fig.  6.  Time-temperature  freezing  curve  for  benzene  sample. 


time-temperature  curve  for  another  hydrocarbon  with  a  known  heat  of 
fusion  which  melts  in  the  same  temperature  region  as  the  unknown.  Then, 
by  comparison  of  the  two  time-temperature  curves,  it  is  possible  to  estimate 
with  reasonable  accuracy  the  cryoscopic  constant  for  the  unknown  material. 

The  precision  of  the  freezing-point  determination  by  this  time-tempera- 
ture  method  is  a  function  of  the  heat  of  fusion  of  the  hydrocarbons  studied. 

hus  with  samples  which  have  normal  heats  of  fusion,  for  which  the  change 
m  cooling  rate  with  the  onset  of  crystallization  is  quite  marked,  the  maxi¬ 
mum  precision  oi  the  method,  of  the  order  of  several  thousandths  of  a 

«.>SIhis  method1'^""''1'  AS™  f‘anda,ds  D940'47T  <«>.  which  is  based 
Miff  T  d’  glves  a  repeatability  of  ±0.005°C.  and  a  reproducibility 
( lifferent  operators  and  apparatus)  of  ±0.015°C.  On  the  other  hand  for 
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hydrocarbons  such  as  cyclopentane  with  very  low  heats  of  fusion,  the  pre¬ 
cision  of  the  freezing  point  is  only  of  the  order  of  hundredths  of  a  degree. 

One  of  the  principal  advantages  ol  this  time-temperature  method  is  the 
speed  with  which  a  single  determination  can  be  made.  Normally,  a  measure¬ 
ment  can  be  completed  in  2  hours,  which  may  be  further  shortened  by  the 
use  of  helium  in  the  evacuable  Dewar  during  the  precooling  of  the  samples. 
Because  of  the  speed  of  the  method  and  the  simplicity  of  the  equipment, 
this  technique  is  readily  adaptable  to  use  as  a  control  method.  In  fact,  it 
may  be  used  most  readily  for  routine  measurements  where  only  relative 
values  are  desired.  When  this  method  is  to  be  used  for  absolute  values,  it  is 
essential  to  check  the  lowering  obtained  by  the  addition  of  known  quanti¬ 
ties  of  likely  impurities  to  be  sure  that  solid  solutions  are  not  formed  and/or 
that  the  mixtures  behave  ideally.  Although  time-consuming,  this  procedure 
is  a  necessary  precaution  to  ensure  the  validity  of  the  results. 

The  disadvantages  of  this  technique  are  apparent  from  previous  discus¬ 
sion.  Thus  it  is  necessary  to  know  the  freezing  point  of  the  pure  material 
or  to  estimate  it  by  the  method  of  Taylor  and  Rossini  (56)  before  the  purity 
can  be  calculated.  The  accuracy  of  the  method  of  Taylor  and  llossini  for 
the  determination  of  the  freezing  point  for  zero  impurity  will  be  discussed 
in  a  later  portion  of  this  chapter.  In  addition  to  this  solid-liquid-equilibrium 
temperature,  it  is  also  necessary  to  know  the  heat  of  fusion  of  the  sample 
or  it  must  be  determined  by  a  separate  measurement.  If  only  one  sample  is 
available,  which  would  generally  be  the  case  for  highly  purified  synthetic 
preparations  of  new  materials  where  the  quantity  available  is  small,  then, 
for  accuracy  in  the  determination  of  this  heat  effect  the  purity  of  the  sample 
is  destroyed.  Indeed,  with  limited  samples  of  newly  prepared  synthetic 
materials  it  may  not  always  be  possible  to  use  the  full  50  cc.  which  is  re¬ 
quired  for  the  best  results  by  this  freezing-point  method.  Finally,  there  is 
no  way  to  determine  from  the  time-temperature  curve  itself  whether  or 
not  the  impurities  form  solid  solutions  with  the  major  component  oi  if 
the  system  behaves  ideally.  To  avoid  error  in  the  purity  determination,  it 
is  necessary  to  know  that  the  likely  impurities  do  not  form  solid  solutions 
or  else  to  determine  the  lowering  obtained  by  the  addition  of  known  quan¬ 
tities  of  those  compounds. 


3.  STATIC  METHOD — ADIABATIC  CALORIMETRY 

The  second  general  method  for  the  determination  of  the  melting  point 
is  a  static,  calorimetric  technique.  In  marked  contrast  with  the  time- 
temperature  procedure  in  which  the  rate  of  change  of  the  temperature  is 
measured,  in  the  calorimetric  procedure  great  care  is  taken  to  measure  t  le 
temperature  at  equilibrium  conditions.  In  precision  third-law  calorimeters 
(00)  the  determination  of  the  melting  point,  or  more  properly  the  triple 
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point,  and  the  purity  can  be  made  with  the  maximum  precision  and  ac- 

ture  the  calorimetric  technique  has  the  advantage  that  the  heat  of  fusion 
and  the  triple  point  for  zero  impurity  can  be  determined  in  the  same  series 
of  measurements.  The  determination  of  the  heat  of  fusion  in  a  calorimeter 
is  the  most  accurate  method  of  measuring  that  thermodynamic  quantity. 
When  a  triple  point  is  determined  in  a  calorimeter,  one  is  also  able  to  meas¬ 
ure  the  heat  capacity  of  the  solid  below  the  melting  point  with  very  little 
additional  effort.  It  is  possible  to  calculate  the  purity  of  the  sample  fiom 
such  solid  heat-capacity  measurements  as  well  as  by  the  classical  melting- 
point-depression  method.  From  these  so-called  “premelting”  heat  capac¬ 
ities,  the  purity  can  be  determined  with  a  sensitivity  of  the  order  of  0.0001 
mole  %  (63),  which  is  greater  than  that  for  the  more  conventional  melting- 
point  depression.  This  method  of  purity  determination,  which  will  be  dis¬ 
cussed  in  more  detail  in  later  portions  of  this  chapter,  serves  the  purpose  of 
providing  a  check  on  the  purity  as  calculated  from  the  melting-point  de¬ 
pression  and  offers  a  means  of  detecting  the  existence  of  solid  solutions. 
Since  measurements  in  calorimeters  are  always  based  on  temperature  dif¬ 
ferences,  the  purity  determinations  can  be  made  independent  of  any  highly 
accurate  temperature  scale.  When  the  thermometric  element  of  the  calorim¬ 
eter  has  been  carefully  standardized,  the  solid-liquid-equilibrium  tem¬ 
perature  will  have  accurate  absolute  value,  but  it  is  not  essential  to  the 
purity  determination.  In  time-temperature  methods  where  the  freezing 
point  for  zero  impurity  is  usually  obtained  from  data  from  another  labora¬ 
tory,  any  difference  in  temperature  scale  will,  of  course,  introduce  corre¬ 
sponding  errors  in  the  purity  figures. 

To  achieve  the  precision  necessary  in  the  heat  capacities  for  the  deter¬ 
mination  of  the  third-law  entropies,  for  which  purpose  the  calorimeters 
under  discussion  were  designed,  this  type  of  apparatus  is  rather  complex 
and  difficult  to  use.  In  fact,  for  the  attainment  of  highest  precision,  more 
than  one  individual  is  required  for  proper  operation.  As  a  result  of  this 
complexity,  even  the  measurement  of  a  triple  point  would  be  very  slow 
and  time  consuming.  The  cumbersomeness,  slowness,  and  difficulties  pre¬ 
clude  determining  purities  in  this  type  of  precision  third-law  calorimeter 
except  in  unusual  cases. 


Recently,  special  calorimeters  have  been  designed  primarily  to  deter¬ 
mine  triple  points  and  purities  of  hydrocarbons  (58,  59).  The  design  of  these 
new  calorimeters  has  been  based  on  that  of  the  precision  instruments,  but 
modifications  have  been  introduced  which  will  permit  rapid  operation  by 
only  one  individual.  Figure  7  is  a  schematic  drawing  of  such  a  triple-point 
calorimeter.  One  major  departure  from  the  precision  instruments  is  the 
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large  tube  which  connects  the  calorimeter  with  the  vacuum  system  and 
through  which  the  sample  is  introduced.  In  conventional  design,  these 
lilling  tubes  are  always  as  small  as  possible  so  as  to  reduce  the  heat  leak 
to  and  from  the  calorimeter  proper.  While  such  narrow  tubes  necessitate 
slow  distillations  for  filling  and  emptying,  with  large  filling  tubes  it  is  possi¬ 
ble  to  introduce  the  sample  (some  15  cc.)  into  the  calorimeter  by  simply 


CALORIMETER  ASSEMBLY 

Fig.  7.  Schematic  drawing  of  calorimeter  assembly. 


pouring  it  down  a  funnel  inserted  into  the  filling  tube.  When  the  measure¬ 
ments  are  completed  and  the  sample  is  to  be  withdrawn,  it  is  a  simple 
matter  to  slip  another  tube  down  inside  the  large  filling  tube  and  remove 
the  sample  by  siphoning.  To  increase  the  strength  and  ruggedness  of  the 
assembly,  the  calorimeter  and  shields  are  spaced  apart  by  means  of  the 
wooden  pegs  shown  in  Fig.  7.  To  reduce  the  heat  exchange  between  the 
calorimeter  and  shields  along  these  pegs,  the  contacts  are  machined  to  fine 
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points.  Using  fewer  control  points  and  through  the  development  of  sem  - 
automatic  controls,  the  operation  of  these  triple-point  calorimeters  is  simple 
and  straightforward.  The  use  of  continuous  electronic  controls  (08)  mate¬ 
rially  increases  the  precision  which  can  be  attained  in  these  units  as  com- 
pared  with  the  earlier  manually-operated  model  (59). 

In  the  determination  of  the  triple  point  of  a  substance  by  means  of  the 
calorimetric  technique,  one  of  the  most  important  points  is  to  be  certain 
that  the  sample  has  been  completely  crystallized  before  beginning  the 
measurements.  When  this  has  been  accomplished,  the  temperature  of  the 
sample  is  adjusted  to  the  range  at  which  measurements  are  to  be  started. 
In  an  adiabatic  calorimeter,  such  as  the  triple-point  calorimeters,  the  pro¬ 
cedure  is  to  maintain  the  temperature  difference  between  the  calorimeter 
(sample  container)  and  its  surrounding  shields  and  the  filling  tube  so  small 
that  there  will  be  negligible  interchange  of  heat.  With  the  electronic  con¬ 
trols  set  to  maintain  this  temperature  difference  within  the  necessary  range, 


the  temperature  of  the  calorimeter  is  followed  as  a  function  of  time  by 
means  of  the  platinum  resistance  thermometer  in  the  reentrant  well.  After 
the  fore-drift  has  been  established,  a  known  amount  of  energy  is  added  to 
the  calorimeter  through  the  electrical  heater  which  is  wrapped  on  the  out¬ 
side  of  the  platinum  resistance  thermometer.  After  adding  the  heat  to  the 


calorimeter,  the  temperature  is  once  again  followed  to  establish  the  equilib¬ 
rium  after-drift.  Such  measurements  and  energy  additions  are  continued 
into  and  through  the  fusion  region  until  all  the  pertinent  data  have  been 
obtained.  The  calculations  of  the  heat  capacities  and  heats  of  fusion  from 
the  data  aie  simple  and  straightforward.  Since  space  does  not  permit  a 
discussion  of  these  calculations  the  reader  is  referred  to  the  excellent  dis¬ 
cussion  of  calorimetry  by  Sturtevant  (60).  Since  the  energy  necessary  to 
melt  the  sample  is  added  in  increments,  a  series  of  solid-liquid-equilibrium 
points  is  established  with  various  fractions  of  the  sample  fused.  It  is  then 
possible  to  plot  these  equilibrium  temperatures  as  a  function  of  the  recipro- 
cal  of  the  fraction  of  the  sample  melted  (01).  This  plot,  as  illustrated  in 
•Ig.  8,  generally  results  in  a  straight  line.  Since  it  is  usually  impossible  to 
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“^t.rrme^y  *he- equUibrium  temperature  at  exactly  the 

%  '  point,  the  straight  line  plot  as  shown  in  Fig.  8  can  readily 

melSd -°1  F  ‘I1!  ^  .100%  mdted  “>"*•»*<*»  (reciprocal  of  fr^tion 
^  Ult  ier>  Slnce  the  concentration  of  the  impurity  at  the  50% 
melted  temperature  is  twice  that  at  the  100%  temperature  when  the 
amount  of  impurity  is  small,  the  difference  between  these  two  values  rep¬ 
resents  the  lowering  corresponding  to  the  original  amount  of  impurity 
present.  1  herefore  by  adding  the  difference  between  the  50  and  100%  melted 
temperatures  to  the  100%  melted  temperature,  one  obtains  directly  the 
triple  point  for  zero  impurity.  This  computation  is  accomplished  simply 
by  extrapolating  the  straight  line  in  Fig.  8  to  zero.  Since  the  interval  be¬ 
tween  the  reciprocal  values  1  and  2  (100  and  50%  melted)  is  the  same  as 
between  0  and  1  and  since  we  are  dealing  with  a  straight  line,  the  extrapo¬ 
lation  to  zero  yields  the  desired  temperature.  There  are  no  assumptions 
in\  olved  in  this  calculation  of  the  triple  point  for  zero  impurity  other  than 
have  already  been  made  in  the  melting-point-depression  relation. 

1  he  other  important  piece  of  information  necessary  for  the  calculation 
of  the  purity  is  the  heat  of  fusion.  It  has  already  been  mentioned  that  the 


fusion  of  the  sample  is  accomplished  by  the  introduction  of  several  known 
increments  of  energy.  Therefore,  to  determine  the  heat  of  fusion,  it  is  neces¬ 
sary  only  to  sum  up  these  energy  increments  after  suitable  deductions  have 
been  made  for  the  contribution  of  each  energy  addition  to  the  sensible  heat 
of  the  system.  For  greatest  precision  in  the  determination  of  the  heat  of 
fusion,  the  sample  should  be  completely  melted  by  one  continuous  energy 
addition.  Such  a  procedure  involves  another  and  separate  determination. 

The  advantages  of  this  type  of  calorimeter  for  determining  the  purity 
of  hydrocarbons  are  all  those  already  mentioned  for  the  precision  adiabatic 
calorimeters,  namely  the  determination  of  the  100%  melted  temperature, 
of  the  triple  point  for  zero  impurity,  and  of  the  heat  of  fusion  all  in  one 
series  of  measurements;  the  calculation  of  the  purity  by  both  the  melting- 
point-depression  and  “premelting”  heat  capacity  methods,  and  the  possi¬ 
bility  of  recognizing  the  formation  of  solid  solutions  in  some  cases.  In  addi¬ 
tion,  by  the  modifications  incorporated  in  the  triple-point  calorimeters, 
the  operation  is  speeded  up  so  that  a  complete  melting-point  determination 
is  possible  in  6  to  8  hours,  requiring  the  attention  of  only  one  individual. 
The  precision  of  the  determination  of  the  100%  melted  temperature  is  of 
the  order  of  a  few  thousandths  of  a  degree.  In  the  electronically  controlled 


units,  the  heat  of  fusion,  based  on  the  summation  of  energy  increments, 
can  be  determined  to  better  than  1%  of  its  value,  while  heat  capacities 
can  be  determined  to  about  0.5%.  The  greatest  value  in  the  use  of  this 
type  of  calorimeter  for  purity  determinations  is  that  a  laboratory  is  rendered 
independent  of  any  outside  sources  of  information,  since,  through  its  use, 
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purities  can  be  determined  tor  new  synthetic  samples  about  wh.ch  the  only 

available  information  is  the  molecular  we.ght,  providmg  that  the  sample 
is  on  the  right  side  of  the  eutectic.  The  small  sample  required  about  10- 5 
cc,  is  of  importance  in  the  analysis  of  synthetic  samples  which  are  usually 

available  in  only  limited  quantities. 

Of  course,  there  are  some  disadvantages  in  the  use  of  these  triple-poi 
calorimeters.  For  materials  which  tend  to  form  glasses,  and  which  are  there¬ 
fore  difficult  to  crystallize,  there  is  no  simple  method  to  seed  the  super¬ 
cooled  liquids.  It  might  be  possible  to  use  the  molecular  distillation  tech¬ 
nique  which  Aston  et  al.  (62)  employed  to  induce  crystallization  in  1 -butene, 
but  this  method  is  very  time  consuming  and  may  not  work  for  all  materials. 
Because  of  the  complexity  of  the  equipment  and  because  of  the  length  of 
time  required  for  a  purity  determination,  the  calorimetric  technique  is  not 
readily  adaptable  to  a  routine  control  method.  In  its  present  foim,  the 
triple-point  calorimeter  is  suitable  for  use  only  with  substances  which  aie 
liquid  at  or  below  room  temperature.  For  use  with  normally  solid  materials, 
considerable  modification  of  the  present  design  would  be  necessary. 


4.  SOLID  SOLUTIONS — DETECTION  BY  CALORIMETRY 

The  determination  of  purity  of  hydrocarbons  by  means  of  the  melting- 
point-lowering  equation  is  based  on  the  assumption  that  the  solution  will 
behave  ideally  and  that  the  impurities  are  solid-insoluble.  If  either  of  these 
two  conditions  is  not  met,  then  the  results  of  calculations  based  on  the 
melting-point-lowering  equation  are  not  valid.  Fortunately,  in  highly 
purified  hydrocarbon  systems,  the  logical  and  likely  impurities  are  generally 
so  similar  to  the  major  component  that  ideal  solutions  are  to  be  expected. 
Therefore,  the  greatest  source  of  possible  trouble  in  purity  determinations 
arises  from  the  formation  of  solid  solutions.  For  that  reason,  the  recognition 
of  the  existence  of  solid  solutions  between  the  major  component  and  the 
impurities  is  very  important.  Since  it  is  possible  in  some  cases  to  recognize 
solid  solutions  from  calorimetric  lieat-capacity  data,  this  point  will  be  dis¬ 
cussed  in  some  detail. 

Figure  9  is  a  representation  of  the  change  in  heat  capacity  of  a  hydro¬ 
carbon  as  a  function  of  the  temperature  in  the  vicinity  of  the  triple  point. 
The  full  line  represents  the  data  for  a  100%  pure  sample.  The  dashed  curve 
is  that  for  a  sample  which  contains  a  solid-insoluble  impurity  forming  a 
eutectic  with  the  major  component  and  which  has  a  composition  far- 
lemoved  from  the  eutectic.  It  can  be  seen  that  the  heat  capacity  of  the 
impure  sample  begins  to  depart  from  that  of  the  pure  material  at  tempera¬ 
tures  considerably  below  the  melting  point,  increasing  rapidly  just  below 
the  triple  point.  This  dashed  line  represents  the  so-called  “premelting” 
heat  capacity.  If  the  difference  between  the  heat  capacity  of  the  impure 
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sample  and  the  100%  pure  sample  is  the  result  of  melting  induced  by  the 
impurity,  it  is  then  possible  to  calculate  what  the  contribution  to  the  heat 
capacity  actually  is  for  a  given  amount  of  impurity.  Conversely,  it  is  possi¬ 
ble  to  calculate  the  amount  of  impurity  which  will  produce  a  given  increase 
in  heat  capacity  as  a  result  of  “premelt ing.”  According  to  the  method  of 
Johnston  and  Giauque  (63)  the  purity  of  a  given  sample  can  be  calculated 
trom  the  “premelting”  heat  capacity  quite  simply.  At  any  temperature, 
T,  below  the  triple-point  temperature,  T0,  the  mole  fraction,  xi,  of  the 


Fig.  9.  Effect  of  impurity  on  solid  heat  capacity. 


major  component  of  the  system  in  the  liquid  phase  produced  by  “premelt¬ 
ing”  can  be  calculated  from  the  relation: 


In 


(10) 


where  A Hf  is  the  heat  of  fusion.  In  heating  the  sample  from  temperature 
T'  to  T",  the  excess  heat  added  will  be  equal  to  A Hf  (N"  —  N')  or  the  heat 
required  to  increase  the  moles  of  liquid  from  N'  to  N".  7  and  1  are  two 
temperatures  in  the  “premelting”  region.  The  excess  heat  is  the  difference 
between  the  measured  input  and  that  calculated  by  extrapolating  the 
normal  heat-capacity  curve  through  the  “premelting”  region.  It  is  a 
straightforward  calculation  to  obtain  the  number  of  moles  of  impurity  from 
the  mole  fractions  of  the  major  component  in  the  liquid  at  temperatures  V 
and  T"  and  the  change  in  the  number  of  moles  in  the  liquid  phase. 
Agreement  between  the  purities  calculated  from  the  “premelting”  heat 
capacity  and  from  the  melting-point-lowering  calculations  is  ample  and 
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sufficient  evidence  oi  the  it 


ieality  of  t lie  system  and  the  reliability  of  the 


It  has  been  pointed  out  (04)  that  the  shape  ot  the  heat  capacity  vs 
temperature  curve  in  the  vicinity  of  the  melting  point  will  be  quite  different 
for  samples  with  solid-insoluble  impurities  and  with  solid-soluble  lmpiii  i  ies 
(Fig  9)  For  the  solid-insoluble  samples,  eutectics  will  be  formed  between 
the  impurities  and  the  major  component  and  normal  “premelting  heat 
capacities  will  result.  For  a  binary  solid  solution,  melting  does  not  begin 
until  the  solidus  temperature  is  attained.  Since  there  will  be  no  melting 
below  the  solidus  temperature  (Point  A  in  Figure  9),  there  is  no  pre¬ 
melting”  and,  accordingly,  purity  calculations  would  show  no  impurity. 
Therefore,  assuming  ideal  or  sufficiently  dilute  solutions,  when  checking 
purities  calculated  by  the  two  methods,  low  values  of  the  impurity  from 
the  “premelting”  calculations  indicate  the  possibility  of  solid  solution  and 
hence  caution  is  indicated  in  interpreting  the  values  calculated  from  the 
melting-point  depression. 

Some  investigators  have  questioned  whether  or  not  the  “premelting” 
phenomenon  is  actually  the  result  of  melting  produced  by  the  impurities 
present.  They  suggest  that  these  anomalous  observations  may  instead  be 
the  result  of  a  gradual  order-disorder  transition  (33,  65).  The  evidence  in 
favor  of  the  order-disorder  concept  is  somewhat  obscured  because  the 


observations  have  been  made  on  samples  which  contained  undetermined 
amounts  of  impurity  so  that  “premelting”  as  a  result  of  the  impurities  is 
not  precluded.  Thus,  in  their  study  of  the  change  in  volume  of  n-tetradecane 
just  below  the  melting  point,  Van  Hook  and  Silver  (66)  observe  a  rapid 
increase  in  the  “premelting”  range.  While  the  expansion  may  be  the  result 
of  gradual  transition  from  order  to  disorder,  they  point  out  that  it  is  not 
possible  to  eliminate  an  explanat  ion  based  simply  on  the  impurities  causing 
melting  and  thereby  producing  the  rapid  increase  in  volume.  Similarly,  the 
increase  in  the  dielectric  constant  observed  by  White  and  Morgan  (67)  just 
below  the  melting  point  can  also  be  explained  by  the  presence  of  impurity. 
In  fact,  even  the  data  of  Ubbelohde  in  which  he  measured  the  “premelting” 
heat  capacities  of  ?i-hexadecane  calorimetrically  are  open  to  question  on  the 
same  basis  since  he  has  not  calculated  the  purity  from  the  “premelting” 
and  melting  point  depression  data.  Gradual  order-disorder  transitions  may 
be  responsible  for  some  “premelting”  phenomenon,  particularly  among  the 
long-chain  hydrocarbons,  but  it  would  seem  that  more  data  on  samples  of 
known  purity  are  necessary  to  establish  this  hypothesis.  The  establishing 
of  hybrid  structure  in  crystals  of  KH2P04  and  I\H2As04  by  x-ray  diffraction 
studies  (68)  offers  strong  evidence  in  favor  of  the  order-disorder  theory  and 
indicates  a  possible  method  of  resolving  this  problem  in  the  case  of  the 
long-chain  hydrocarbons. 
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5.  COMPARISON  OF  TIME-TEMPERATURE  AND  ADIABATIC 
CALORIMETRIC  RESULTS 

Since  Rossini  el  al.  at  the  Bureau  of  Standards  and  Huffman  et  al  at  the 
e  roieum  Experiment  Station  of  the  Bureau  of  Mines  have  reported  the 

carbons  (APirntT61148,  °s  !dentical.  samPles  of  W«Wy  Purified  hydro- 
,  ^  NB^  samples),  it  is  possible  to  compare  the  purity  results  of 

time-temperature  and  the  calorimetric  techniques.  Table  III  is  a 
compilation  of  data  on  a  variety  of  hydrocarbons  taken  from  various  publi¬ 
cations  of  Huffman  and  Rossini.  For  comparison,  the  measured  freezing 
points  and  the  100%  melted  temperatures,  the  differences  between  the 
measured  freezing  point  and  the  freezing  point  for  zero  impurity  and 
between  the  100%  melted  temperature  and  the  triple  point,  and  the  im¬ 
purities  calculated  by  both  laboratories  have  been  tabulated.  In  almost 
every  case,  the  difference  between  the  two  equilibrium  temperatures  is 
greatest  for  the  time-temperature  method.  In  the  analysis  of  the  disagree¬ 
ment  between  these  two  procedures,  it  is  of  prime  significance  that  the 
diffeience  determined  by  the  calorimetric  method  is  an  experimentally 
determined  quantity.  It  would  seem,  therefore,  that  in  the  method  of 
Taylor  and  Rossini  there  is  some  unevaluated  factor  which  introduces  an 
eiroi  resulting  in  high  values  for  the  freezing  point  for  zero  impurity.  If  it  is 
assumed  that  the  actual  freezing  point  determined  from  the  time-temper¬ 
ature  curve  represents  the  true  thermodynamic  equilibrium  temperature,  a 
much  better  estimate  of  the  freezing  point  for  the  pure  material  would  be 
to  add  the  difference  between  the  100%  melted  temperature  and  the  triple 
point  obtained  from  the  calorimetric  methods  to  the  measured  time-temper¬ 
ature  freezing  point.  Obviously  since  the  melting-point  depression  is  greater 
for  the  time-temperature  measurements,  the  calculated  amount  of  im¬ 
purity  is  also  greater  for  this  technique. 

In  practice,  the  choice  between  the  static  and  the  dynamic  methods  of 
purity  determination  will  be  dictated  by  the  use  to  which  the  results  will 
be  put.  If  absolute  values  are  unnecessary,  as  in  control  analyses,  then  the 
time-temperature  method  is  probably  to  be  preferred  because  of  its  greater 
speed.  If  purities  of  highly  purified,  new  products  are  to  be  established,  the 
calorimetric  technique  will  be  more  suitable  for  maximum  precision  and 
accuracy. 

III.  Purification  by  Crystallization 

It  is  well  known  that  purification  processes  based  on  equilibria  between 
liquid  and  crystalline  phases  are  capable  of  yielding  extremely  pure 
products.  In  general  the  chemical  literature  accepts,  in  itself,  a  statement 
that  a  product  has  been  purified  by  crystallization  as  an  index  of  high 
purity.  Reliance  on  the  purity  of  such  a  product  is  warranted  since  sepa- 
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ration  processes  based  on  solid-liquid  equilibria  are  the  only  ones  which  can 
offer  promise,  at  least  theoretically,  of  a  100%  pure  product  in  a  one-step 
operation.  W hile  the  transition  from  theory  to  practice  is  a  big  one  and  while 
often  the  results  fall  short  of  the  theoretical,  the  potentialities  of  these 
purification  methods  are  so  great  that  consideration  should  always  be  given 
to  them  whenever  the  highest  purity  products  are  desired. 

1.  PHASE  RULE 

In  any  separation  process  involving  more  than  one  phase,  it  is  of  obvious 
importance  to  be  able  to  predict  the  behavior  of  the  phases  in  the  system 
under  all  possible  conditions.  The  phase  rule,  which  was  first  developed  by 
Willard  Gibbs,  is  the  means  of  predicting  such  relations.  If  the  degrees  of 
freedom  (the  number  of  independent  variables)  of  the  system  is  F,  the 
number  of  phases  present  is  P,  and  the  number  of  components  in  the 
system  is  C,  then  according  to  the  phase  rule  F  =  C  +  2  -  P.  The  deriva¬ 
tion  of  this  equation  from  fundamental  thermodynamic  relations  is  given 
in  almost  any  of  the  texts  on  thermodynamics  to  which  the  reader  may 
refer  if  interested  in  the  details  of  the  development.  Thus,  for  a  two-com¬ 
ponent  system,  when  three  phases  (vapor,  liquid,  and  solid)  are  present, 
there  is  one  degree  of  freedom  remaining.  To  completely  define  the  state  of 
the  system,  it  is  necessary  to  fix  either  its  temperature,  pressure,  or  the  con¬ 
centration  of  one  component  of  one  phase  (the  composition  of  a  phase 
which  is  a  pure  substance  is  obviously  not  a  variable).  However,  when  there 
are  four  phases  (vapor,  liquid,  and  two  solid  phases)  present,  then  there  are 
no  degrees  of  freedom  remaining  and  the  temperature,  pressure,  and  the 
composition  of  the  phases  are  fixed.  In  other  words  in  a  two  component 
system  the  presence  of  four  phases  completely  defines  the  system.  For  a 
three-component  system,  five  phases  are  required  before  all  the  degrees  of 
freedom  are  removed.  If  only  four  phases  are  present,  either  the  temper¬ 
ature,  the  pressure  or  the  concentration  of  one  component  of  one  phase  has 
to  be  fixed  before  the  state  of  the  system  is  completely  defined.  When  only 
three  phases  are  present,  it  is  necessary  to  fix  two  phase-rule  variables. 

When  a  single  solid  phase  separates  from  a  two-component  liquid  phase, 
that  solid  must  be  either  a  pure  crystal  or  a  solid  solution.  Unfortunately, 
the  phase  rule  does  not  predict  which  of  the  two  possibilities  will  be  realized, 
so  that  it  is  necessary  to  have  actual  experimental  determinations  to  know 
the  distribution  of  the  components  among  the  various  phases.  The  solid- 
liquid-phase  behavior  of  binary  systems  can  be  divided  into  two  major 
groups,  the  eutectic  systems  in  which  pure  crystals  separate  and  the  solid- 
solution  systems  in  which  solid  solutions  are  formed  between  the  com¬ 
ponents. 


SOLID  LIQUID  EQUILIBRIA  OF  HYDROCARBONS 


349 


Fig.  10  Fig.  11 

Fig.  10.  Solid-insoluble  eutectic  phase  diagram. 
Fig.  11.  Continuous  solid-solution  phase  diagram. 
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Iig.  12.  Minimum  liquidus  solid-solution  phase  diagram. 
tig.  13.  Solid-soluble  eutectic  phase  diagram. 


2.  LIQUID-SOLID-PHASE  DIAGRAMS 

It  is  conventional  and  convenient  to  present  binary  and  ternary  phase- 
equilibrium  data  in  the  form  of  diagrams.  For  binary  systems  these  diagrams 
are  Simple  to  construct  and  understand.  Some  idealized  diagrams  for  binary 
solid-liquid  equilibria  are  presented  in  Figs.  10  to  13. 
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tiguio  10  is  an  illustration  of  the  behavior  of  a  binary  system  in  which 
the  liquid  phase  shows  complete  miscibility  while  the  solid  phases  are  com¬ 
pletely  immiscible.  lo  appreciate  the  behavior  of  this  type  of  system,  con¬ 
sider  a  liquid  mixture  of  composition  x,  in  Fig.  10,  which  is  originally  at 
some  temperature  higher  than  7\.  Cooling  this  liquid  produces  no  phase 
changes  until  the  temperature  reaches  Th  the  liquidus  point,  at  which  the 
first  crystal  of  pure  component  A  will  separate.  Since  there  are  three  phases 
present  at  this  temperature  and  since  it  is  a  two-component  system,  it  is 
possible  to  cool  the  system  still  further  and  continue  to  separate  pure  A. 
As  more  component  A  crystallizes,  the  concentration  of  B  in  the  liquid 
increases;  the  composition  of  the  liquid  will  change  with  temperature  along 
the  liquidus  line  AC.  When  the  temperature  reaches  the  eutectic  temper¬ 
ature,  77e,  the  phase  diagram  shows  that  there  will  be  two  solid  phases 
separating  out  as  an  intimate  mechanical  mixture  (the  eutectic).  At  this 
point,  the  phase  rule  shows  that  with  four  phases  present  there  are  no 
independent  variables  so  that  neither  the  temperature,  the  pressure  nor  the 
composition  can  be  changed  until  one  or  more  of  the  phases  disappears. 
Finally,  the  diagram  shows  that  cooling  the  mixture  to  lower  temperatures 
will  produce  no  further  phase  changes. 

When  the  two  components  are  miscible  in  the  solid  state,  the  number  of 
possible  solid-liquid-phase  diagrams  which  can  be  obtained  increases  con¬ 
siderably.  For  those  combinations  in  which  the  two  components  are  solid- 
soluble  over  the  entire  range  of  compositions,  there  are  three  principal  types 
of  diagrams  which  could  be  found.  The  simplest  of  these  is  illustrated  in 
Fig.  11.  In  this  system,  the  liquidus  temperatures  for  all  mixtures  are  be¬ 
tween  the  values  for  the  two  pure  components.  On  cooling  any  liquid  solu¬ 


tion  of  this  type  of  system,  crystals  will  appear  when  the  temperature 
reaches  the  liquidus  curve  (the  upper  curve,  Fig.  11).  The  solid  phase  which 
separates  will  have  a  composition  indicated  by  a  horizontal  line  drawn  from 
the  liquidus  curve  to  the  solidus  (the  lower  curve,  Fig.  11).  It  should  be 
noted  that,  with  this  type  of  phase  behavior,  the  solid  phase  which  separates 
from  a  liquid  mixture  is  not  a  pure  component  and  is  richer  in  the  higliei 
melting  component  than  the  liquid  phase.  Figure  12  illustrates  a  second 
possibility  in  systems  with  complete  solid-phase  miscibility.  In  this  case 
there  is  a  mixture  which  has  a  liquidus  temperature  which  is  lower  than  the 
melting  points  of  either  pure  constituent  and  represents  a  minimum  for  the 
system.  At  that  minimum  point,  the  composition  of  the  solid  and  liquid 
phases  which  are  in  equilibrium  are  the  same.  For  this  type  of  system,  once 
again,  the  solid  phases  which  separate  from  liquid  solutions  are  solutions 
and  not  pure  components.  However,  in  this  case,  crystals  which  sepaia  e 
from  liquids  with  a  concentration  of  A  greater  than  that  of  the  minimum 
will  be  richer  in  A  than  the  liquids.  Similarly,  liquids  whose  composition. 
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contain  more  B  than  the  minimum  will  yield  crystals  enriched  m  B.  The 
third  possibility  for  total  solid-phase  miscibility  is  one  in  which  there  is  a 
liquid  mixture  with  a  liquidus  temperature  which  is  a  maximum  for  the 
binary  system.  Since  this  type  of  phase  behavior  is  uncommon,  it  will  not 
be  given  further  attention. 

In  addition  to  the  systems  in  which  there  is  complete  solid-phase  misci¬ 
bility,  there  are  those  in  which  there  is  only  limited  solubility.  Thus,  if  both 
components  are  soluble  to  only  a  limited  extent  in  the  crystalline  phase  of 
the  other,  then  the  phase  behavior  is  a  combination  of  the  simple  eutectic 
and  the  continuous  solid  solution.  Thus,  Fig.  13  is  an  illustration  of  this 
type  of  behavior;  the  solid  phases  which  separate  are  always  mixed  crystals. 


Fig.  14  Fig.  15 

Fig.  14.  Durene-isodurene  system. 

Fig.  15.  Anthracene-phenanthrene  system. 


However,  when  the  composition  ot  the  liquid  phase  lies  between  X\  and  x2, 
cooling  the  system  to  temperature  TE  results  in  the  formation  of  a  eutectic, 
but  in  this  case  the  tv  o  solid  phases  are  solid  solutions  of  composition  X\ 
and  x2,  respectively.  Similarly,  if  only  one  component  is  partially  miscible 
with  the  solid  phase  of  the  other,  the  resulting  diagram  is  a  combination  of 
that  shown  in  Fig.  13  on  one  side  of  the  eutectic,  while,  on  the  other,  the 
behavior  is  the  usual  immiscible  type  shown  in  Fig.  10. 

For  binary  hydrocarbon  systems,  the  most  frequently  observed  solid- 
liquid-phase  behavior  is  the  solid-insoluble  eutectic-type  diagram,  par¬ 
ticularly  among  the  lower-molecular- weight  compounds  (53,  69,  71).  Typical 
ot  this  group  is  the  durene-isodurene  system  (70)  shown  in  Fig  14  For  this 
system  the  liquidus  points  were  determined  from  freezing-point  measure¬ 
ments.  The  eutectic  composition  is  9%  durene,  91%  isodurene,  and  melts 
aPpr0Ximately  "28°C-  Flgure  15>  the  phase  diagram  for  the  anthracene- 
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phenanthrene  system  (72)  is  typical  for  the  continuous  solid-solution 
systems.  Some  of  the  hydrocarbon  mixtures  which  are  found  to  exhibit  this 

behavioi  are  2,2,3,3-tetramethylbutane-2,2,3-trimethylbutane  (53),  n- 
hexadecane-n-l-hexadecene  (73),  and  some  combinations  of  the  long-chain 
paraffins  (35).  For  further  systems,  the  reader  should  consult  the  literature 
(71).  Phase  behavior  similar  to  that  of  the  n-hexadecane-n-heptadecane 
system  (50),  Fig.  1G,  has  been  observed  with  some  of  the  long-chain  paraffins 
(33,  49,  50).  It  would  appear  that  this  behavior  shows  the  minimum  in  a 
continuous  series  of  solid  solutions,  but  these  diagrams  for  long-chain 
molecules  are  complicated  by  solid-phase  transitions  which  were  previously 
discussed.  The  minima  may  therefore  be  the  result  of  two  different  crystal 
forms  and  hence  not  be  truly  representative  of  the  phase  behavior  illus- 
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Fig.  16.  n-Hexadecane-n-heptadecane  system. 


trated  in  Fig.  12.  It  is  of  interest  to  note  that  two  binary  hydrocarbon 
systems,  2, 2-dime thylbutane-2,3-dimethylbutane  and  2, 3-dime thylbu- 
tane-cyclopentane,  have  been  found  (74)  to  form  complexes  in  the  solid 
phase.  In  these  systems  solid  solutions  are  formed  between  the  complexes 
and  each  of  the  individual  components  which  further  increases  the  com¬ 
plexity  of  the  phase  diagrams. 

The  behavior  of  ternary,  quaternary,  and  other  multicomponent  systems 
is  also  predicted  by  the  phase  rule.  However,  the  problem  of  the  distribution 
of  the  components  among  the  various  phases  becomes  more  complex  by 
virtue  of  the  number  of  constituents  and  the  increased  number  of  com¬ 
binations  of  phase  behavior.  For  the  general  characteristics  of  multicom¬ 
ponent  systems,  the  reader  should  consult  some  of  the  texts  which  deal 
exclusively  with  the  phase  rule  and  phase  behavior.  For  those  systems  in 
which  there  is  no  solid-solution  formation,  even  though  the  liquid  phase  is 
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made  up  of  several  constituents,  it  is  still  possible  to  adjust  the  conditions 
of  the  system  so  that  the  liquid  is  in  equilibrium  with  only  one  pure  solid 
phase,  just  as  in  the  case  of  the  binary  eutectic  system.  It  is  therefore 
possible  to  effect  purifications  from  multicomponent  as  well  as  binary 
mixtures. 


3.  PURIFICATION  BY  FREEZING:  SOLID-INSOLUBLE  COMPONENTS 

Now,  in  the  light  of  what  has  been  discussed  above,  we  will  consider  the 
purifications  which  can  be  achieved  through  a  process  involving  solid- 
liquid  equilibria.  First,  let  us  restrict  our  attention  to  a  simple  binary 
eutectic  system  in  which  there  is  no  solid-phase  miscibility.  It  has  already 
been  mentioned  that,  when  a  binary  liquid  is  cooled  to  the  freezing  point, 
the  solid  which  separates  out  is  either  a  pure  substance  or  a  solid  solution. 
Since  we  have,  for  the  present,  restricted  our  attention  to  those  systems  in 
which  the  separated  solid  is  a  pure  substance,  the  purification  which  is 
achieved  is  immediately  obvious.  In  carrying  out  a  purification  in  such  a 
system  it  is  also  equally  obvious  that  it  would  be  very  undesirable  to  lower 
the  temperature  to  that  of  the  eutectic,  for  two  solid  phases  would  then 
separate  and  the  purity  of  the  product  would  be  reduced.  Although  it  would 
appear  to  be  simple  to  prepare  100%  pure  material  by  such  a  method,  there 
are  certain  practical  difficulties  which  must  be  overcome  in  order  to  realize 
this  extreme  purity.  During  the  crystallization  process  it  is  essential  that 
the  crystals  are  formed  as  nearly  perfectly  as  possible  and  are  produced 
slowly  enough  to  prevent  interlocking  and  intergrowth  with  the  accompany¬ 
ing  occlusion  of  the  liquid.  Clearly,  any  such  liquid  entrapped  with  or  in 
the  crystals  will  proportionately  reduce  the  purity  of  the  final  product. 
After  the  crystals  have  been  formed  and  the  crystallization  stopped,  it  is 
then  necessary  to  separate  the  solid  and  liquid  phases.  It  is  important  that 
t  ns  separation  be  as  complete  as  possible  since  any  mother  liquor  which 
remains  associated  with  the  solid  is  a  source  of  impurity  and  hence  very 
undesirable.  It  is  equally  important  in  obtaining  maximum  yield  of  pure 
product  to  approach  the  eutectic  temperature  as  closely  as  possible  and  yet 
avoid  any  localized  supercooling  which  will  solidify  eutectic.  Because  of  the 
large  thermal  heads  necessary  in  carrying  out  these  crystallizations,  the 
final  temperature  of  the  system  is  always  considerably  above  the  theoretical 

Tin™  the  111  n  Cf  !i°  aV°ld  SUCh  localized  fl'eezing  of  the  eutectic  liquid. 

us,  the  yield  of  the  pure  product  is  reduced.  Of  course  the  theoretical 

into  °f  PT  Pru  fr°m  any  given  mixture  is  dictated  by  the  difference 
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separation  of  two  components  beyond  the  eutectic  composition  through  the 
use  of  a  third  component.  The  ratio  of  the  original  two  components  at  the 
point  of  separation  of  two  solid  phases  may  be  shifted  from  the  binary 
eutectic  value  by  the  addition  of  the  third  component  (75,  70).  Although 
numerous  patents  have  been  issued  covering  purification  processes  involving 
solid-liquid  equilibria,  because  of  the  difficulties,  the  use  of  crystallization 
from  melts  as  a  commercial  separation  process  has  been  rather  restricted, 
particularly  in  the  case  of  normally  liquid  hydrocarbons.  However,  very 
pure  benzene  has  been  prepared  commercially  by  a  process  involving  crys¬ 
tallization  at  sub-atmospheric  temperatures.  On  a  small  scale,  the  great 
success  which  can  be  achieved  by  the  freezing  technique  is  exemplified  by 
the  99.998  mole  %  pure  benzoic  acid  prepared  by  Schwab  and  Wichers  (77). 


4.  PURIFICATION  BY  FREEZING:  SOLID-SOLUBLE  COMPONENTS 

While  it  has  been  shown  that,  at  least  theoretically,  it  is  possible  to  pre¬ 
pare  a  100%  pure  material  in  one  crystallization  from  the  liquid  phase, 
when  the  solid  phase  is  a  mixed  crystal  rather  than  a  pure  one,  such  sepa¬ 
rations  cannot  be  achieved  in  one  step.  W ith  solid  solutions,  the  purification 
must  be  carried  out  by  a  stepwise  procedure  very  much  as  the  rectification 
of  a  binary  liquid.  If,  for  example,  one  component  of  a  binary  mixture, 
whose  solid-liquid-phase  diagram  is  that  shown  in  Fig.  17  is  to  be  recovered 
by  a  crystallization  process,  a  series  of  crystallizations  and  meltings  will  be 
necessary.  When  the  original  mixture  has  the  composition  indicated  by 
in  Fig.  17,  then  on  cooling  the  liquid  to  temperature  Th  being  careful  to 
ensure  that  equilibrium  is  established  between  the  phases,  the  liquid  phase 
will  have  the  composition  z2  and  the  solid  the  composition  yx.  If  the  solid 
and  liquid  phases  are  then  separated,  and  the  liquid  phase  is  cooled  still 
further  to  temperature  Tt,  the  composition  ol  the  liquid  will  be  and  t  a 
of  the  solid  yt.  Clearly,  the  purity  of  the  liquid  phase  has  been  increased  by 
this  fractional  crystallization  process,  but  it  is  equally 

infinitesimal  amount  of  pure  A  will  be  recovered.  However  if  we  no  ony 
freeze  the  liquid,  but  melt  the  solid  as  well,  then  by  a  series  of  solidification^ 
•Old  fusions  we  will  be  able,  eventually,  to  completely  separate  the  two  pur 
components  Thus,  if  the  solid  from  the  first  crystallization  is  heated  tiom 
temperature  T.  to  T,,  the  solid  phase,  y„  will  have  been  enriched  in  com- 
„  R  vhile  a  liquid  of  composition  .t,  will  have  been  formed.  If  he 
b"  '  ’  .  i  „  carried  out  as  a  countercurrent  operation,  t  n 

(•rystallization  were  to  earned  ^  ^  ^  ^  distillation  of  a  binary 

separation  would  ,  f  the  hase  diagram  being  the  simple 
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In  fact,  when  complexes  are  formed  between  the  two  pure  components,  it 
may  be  impossible  to  separate  even  one  of  the  constituents  as  a  pure  sub¬ 
stance.  It  will  be  seen  from  the  above  statements  that  the  limitations  oil  the 
separations  in  these  solid-solution  systems  are  in  many  respects  analogous 
to  those  in  liquid  systems  in  which  azeotropes  are  formed. 

The  difficulties  of  carrying  out  the  crystallization  procedure  are  the  same 
for  both  solid  solutions  and  simple  eutectic  systems.  Since,  as  yet,  a  method 
has  not  been  developed  for  carrying  out  the  crystallization  of  a  solid  solution 
in  a  continuous  countercurrent  apparatus,  separation  of  a  constituent  of  a 


COMPOSITION,  MOLE  PER  CENT  B 

Fig.  17.  Separation  of  solid  solution. 


solid  solution  must  be  accomplished  by  a  series  of  batch  operations.  Each 
additional  step  serves  to  increase  the  difficulty  of  the  separation.  Therefore 
the  use  of  this  technique  to  recover  a  pure  hydrocarbon  should  he  used  only 
as  a  last  resort  after  all  other  simpler  and  more  conventional  methods 
nave  tailed  to  produce  the  desired  purity  of  product, 

O.  PURIFICATION  BY  FREEZING:  USE  OF  SOLVENTS 

In  actual  practice  it  is  much  more  common  to  carry  out  a  crystallization 
<>m  some  mert  solvent  rather  than  directly  from  a  melt.  Even  T  the 
j  ecedmg  discussion  applies  equally  well  to  techniques  employing  solvents 
I  he  mtroduct.on  of  the  word  solvent  does  not  change  the  physicochemtl 
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principles  which  determine  the  phase  equilibria;  the  phase  rule  remains  un¬ 
changed  even  though  one  constituent  of  the  system  is  called  solvent.  There 
will  be  no  difficulty  in  understanding  procedures  which  make  use  of  solvents 
if  it  is  borne  in  mind  that  the  solvent  behaves  as  any  other  single  component 
and  that  exactly  the  same  relations  apply  to  these  systems  as  to  any  other. 
The  same  precautions  and  restrictions  apply  to  purification  by  crystalliza¬ 
tion  from  solvents  as  from  melts.  There  is,  however,  the  added  difficulty 
that  the  desired  constituent  will  generally  be  a  minor  component  and  there¬ 
fore  any  occluded  liquor  will  affect  the  purity  more  in  this  case  than  where 
the  desired  product  is  a  major  component  of  the  mother  liquor,  i.e.,  a  melt. 

On  the  other  hand,  definite  advantages  may  be  attained  through  the  use 
of  an  inert  solvent.  Quite  frequently  the  material  to  be  purified  may  de¬ 
compose  at  or  below  its  melting  point,  so  that  it  is  obviously  impossible  to 
use  a  technique  based  on  partial  freezing  of  the  molten  sample.  In  such 
cases,  crystallization  from  an  inert  solvent  would  be  the  only  procedure. 
Even  though  stable  at  the  melting  point,  a  melt  may  be  so  viscous  as  to 
interfere  with  the  formation  of  crystals.  The  dilution  achieved  by  the  use  of 
a  solvent  reduces  the  viscosity,  thereby  assisting  the  production  and  growth 
of  crystals.  In  addition  to  impeding  crystallization,  a  viscous  melt  will 
make  the  separation  of  the  liquid  and  solid  phases  much  more  difficult; 
here  again  the  increased  fluidity  obtained  through  the  use  of  the  inert 
solvent  materially  assists  in  the  purification  process.  An  ingenious  low- 
temperature  adaption  of  the  use  of  solvents  was  developed  by  Leslie  (78) 
for  the  crystallization  of  hydrocarbon  mixtures  which  could  not  otherwise 
be  crystallized.  The  mixture  was  dissolved  in  either  propane  or  ethane,  at 
the  boiling  point,  and  then  cooled  down  to  the  boiling  point  of  methane. 
Then,  by  adding  the  propane  (or  ethane)  solution  to  liquid  methane,  a 
crystalline  product  was  obtained  from  the  constituents  of  the  original 
hydrocarbon  mixture.  The  liquid  and  crystals  were  then  separated  by  a 
low- temperature  centrifuge. 

In  the  work  of  Schwab  and  Wichers  (77)  on  the  purification  of  benzoic 
acid  it  is  possible  to  obtain  a  good  comparison  of  the  efficiency  of  purifica¬ 
tion  from  a  melt  and  from  solution  in  an  inert  solvent.  By  slowly  freezing  a 
benzoic  acid  melt  at  a  constant  rate,  they  were  able  to  obtain,  as  the  fina 
product  of  a  two-step  operation,  material  that  was  99.998  mo  e  %  pure^ 
They  estimate  that  the  average  efficiency  for  a  single  step  was  85%.  On  the 
other  hand,  when  the  crystallizations  were  carried  out  from  either  a  wate. 
or  a  benzene  solution,  the  efficiencies  were  much  lower,  14  and  29 %,  iesp 
tively.  Thus,  to  achieve  the  same  purity  by  the  solvent  route  as  had  bee 
attained  from  the  melt,  it  would  require  25  recrystall.zat.ons  ™  « 

1 1  from  benzene.  On  this  basis  then,  wherever  possible,  greatest  efficiency 
will  be  obtained  by  the  elimination  of  the  use  of  solvents, 
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G.  PURIFICATION  BY  MELTING:  SOLID-INSOLUBLE  COMPONENTS 


Although  the  previous  discussion  has  been  limited  to  purifications  based 
on  the  formation  of  crystals  from  the  liquid  phase,  either  by  freezing  a  melt 
or  by  precipitation  from  a  solvent,  it  is  equally  possible  to  achieve  the 
desired  purification  by  approaching  the  solid-liquid  equilibria  from  the 
opposite  direction,  that  is,  the  melting  of  a  completely  solid  sample.  "\\  hen 
such  a  solid  sample  is  heated  into  the  fusion  region,  and  when  the  solid 
phases  are  immiscible,  the  first  liquid  is  formed  from  the  eutectic.  If  the 
melting  is  stopped  after  all  the  eutectic  has  been  fused,  and  then,  if  the  solid 


and  liquid  are  completely  separated,  the  solid  product  would  then  be  a  pure 
material. 

Some  use  of  this  procedure  at  low  temperatures  has  been  made  by  Hicks 
(79)  and  Hicks-Bruun  and  Bruun  (80),  in  the  separation  of  hydrocarbon 
mixtures.  In  the  former  work,  the  sample  was  entirely  solidified  and  then 
fractionally  melted  in  a  vacuum-jacketed  funnel  so  that  the  liquid  could  be 
drawn  off  after  each  melting.  Hicks-Bruun  and  Bruun  combined  fractional 
crystallization  and  fractional  melting.  They  partially  froze  a  mixture,  trans¬ 
ferred  the  solid  to  a  centrifuge,  and  then  fractionally  melted.  With  this  pro¬ 
cedure,  they  were  able  to  prepare  a  sample  of  n-heptane  which  had  a  melt¬ 
ing  point  of  —  90.66°C.,  recovering  only  50  cc.  of  the  original  225  cc.  of 
n-heptane  (melting  point  —  90.96°C.)  charged. 


Recently,  a  new  technique  based  on  fractional  melting  has  been  developed 
by  J.  G.  Aston  and  his  co workers  (81).  This  new  method,  which  has  been 
remarkably  effective  in  purifying  mixtures  which  had  resisted  purification 
by  fractional  ciystallization,  is  based  on  the  procedure  used  in  low-temper¬ 
ature  adiabatic  calorimetry  in  determining  triple  points.  One  of  the  ap¬ 
paratus  used  is  shown  in  Fig.  18.  The  sample  which  has  been  suitably  pre¬ 
pared  is  introduced  into  the  sample  container  (calorimeter)  through  the 
tubes  provided.  It  is  then  carefully  crystallized  and  slowly  heated  into  the 
fusion  legion.  By  means  of  the  heater  in  the  reentrant  well,  the  calculated 
amount  of  energy  is  added  to  the  sample  to  melt  that  fraction  which  will 
contain  all  the  impurity  (assumed  to  be  solid-insoluble).  The  heat  input  to 
t  le  a  labatic  shield  is  maintained  at  the  level  necessary  to  prevent  anv  heat 
interchange  between  the  sample  container  and  its  surroundings  Then 
when  the  calorimeter  has  reached  thermal  and  presumably  state  equilib- 
m.m,  the  liquids  withdrawn  from  the  system  through  the  siphon  provided 
The  energy  additions  are  continued  until  the  sample  remaining  has  reached 
le  desired  purity.  The  close  temperature  control  which  is  possible  in  these 

as  “  oS  cf  aDd  hi8h  — y  Purified"  product  uTi" 

as  small  as  100  cc.  and  as  large  as  500  cc.  capacity  have  been  used  The 

riumTome  hrenCb bet"'e<in  Va,i°US  "nitS  iS  thc  means  of  staining  equilib- 
num.  Some  have  been  provided  with  screw-type  stirrers.  Others  have  re- 
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placed  the  radial  vanes  with  copper  screens  or  horizontal  vanes.  In  the  ap¬ 
paratus  utilizing  horizontal  vanes,  the  addition  of  springs  between  the  vanes 
permits  their  compression  which  aids  in  t  he  separation  of  the  phases  after 
equilibrium  has  been  attained.  The  high  purity  which  is  achieved  by  this 


fractional  melting  process  can  be  illustrated  by  the  results  of  the  separation  of 
cis-  and  trans- 2-butene.  To  appreciate  the  power  of  this  separation  method, 
it  must  be  realized  that  the  calculated  composition  of  the  eutectic  between 
these  two  hydrocarbons  is  85  mole  %  m-2-butene  with  the  corresponding 
eutectic  temperature  of  131«K.  This  temperature  is  only  3  below  the  melt¬ 
ing  point  for  pure  m-2-butenc.  In  spite  of  these  serious  limitations,  starting 
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with  a  mixture  containing  96  mole  %  m-2-butene,  a  50%  yield  ot  99.99 
mole  %  pure  cis- 2-butene  was  obtained.  This  yield  is  70%  ot  the  theoretica 
maximum.  Numerous  previous  attempts  to  purify  this  96%  pure  sample  by 
fractional  crystallization  had  failed.  Similarly,  a  99.99%  pure  n- heptane 
sample  was  prepared  by  this  new  technique  with  a  60%  yield. 


7.  PURIFICATION  BY  MELTING:  SOLID-SOLUBLE  COMPONENTS 


There  has  been  commercial  use  of  fractional  or  partial  fusion  (“sweating  ) 
for  the  purification  of  commercial  waxes.  However,  since  the  long-chain 
paraffins  are  known  to  form  solid  solutions  with  each  other,  this  “sweating” 
process  cannot  achieve  the  same  degree  of  purification  possible  in  the 
eutectic  systems.  It  is  probable  that  the  major  function  of  the  “sweating 
of  waxes  is  to  provide  a  means  of  washing  out  the  undesirable  oils  (82). 

It  was  pointed  out  previously  in  the  discussion  of  the  purification  ot  solid 
solutions,  that  fractional  crystallization  is  not  a  very  efficient  process  and 


should  be  utilized  only  as  a  last  resort  .  If  it  is  necessary  to  use  solid-liquid- 
phase  equilibria  as  the  means  to  achieve  the  separation  of  a  mixture  which 
forms  solid  solutions,  it  is  possible  to  increase  the  efficiency  of  the  technique 
by  resorting  to  fusion  rather  than  crystallization.  The  similarity  between 
the  solid-liquid  equilibrium  in  mixed  crystal  systems  and  vapor-liquid 
equilibria  for  miscible  liquids  has  been  pointed  out.  If  a  solid  solution  is  to 
be  enriched  in  one  component  by  a  batch  nonrefluxing  operation,  then  by 
analogy  with  the  liquid-vapor  system,  the  most  efficient  and  effective 
method  of  achieving  the  enrichment  is  by  a  differential  fusion  process. 
Therefore,  to  purify  a  solid  solution  by  a  batch  process  in  the  absence  of 
reflux,  the  closest  approach  to  a  continuous  removal  of  liquid  will  be  the 
best  way  to  carry  out  the  separation  (83). 

1  he  difficulties  of  crystallization  processes  have  impeded  their  use  on  a 
large  scale,  particularly  for  separations  which  require  refrigeration.  To  the 
difficulties  ot  separating  the  solid  and  liquid  phases  and  of  preventing  the 
fieezing  ot  the  eutectic,  low-temperature  processes  such  as  would  be  neces¬ 


sary  for  low-molecular- weight  hydrocarbons  have  the  added  problem  of  the 
recovery  of  the  refrigeration  from  the  products.  However,  as  the  demand  for 
high-purity  hydrocarbons  increases  and  as  the  purity  level  is  raised,  the 
inherent  efficiency  of  solid-liquid  equilibria  will  be  sufficiently  attractive 
that  someone  will  surmount  the  difficulties  of  commercial  operation. 

There  are,  of  course,  some  systems  that  cannot  be  readily  handled  by  the 
crystal  route,  thus,  hydrocarbons  which  have  a  pronounced  tendency  to 
form  glasses  would  be  very  difficult  to  handle.  If,  by  marked  supercooling 
crystallization  can  then  be  effected,  such  a  hydrocarbon  could  be  handled 
by  the  fractional  melting  procedure.  However,  only  after  a  mixture  has  been 
iaised  to  reasonable  purity  levels  by  other  methods  should  solid-liquid. 
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equilibria  be  used.  If  the  mixture  is  too  impure,  the  number  of  components 
may  impede  the  formation  of  crystals.  1  hen,  too,  if  the  purity  level  is  on 

the  \\  long  side  of  the  eutectic,  obviously  the  wrong  crystals  will  separate  on 
freezing. 

In  general,  the  highest  purities  can  be  achieved  by  the  use  of  separation 
methods  based  on  solid-liquid  equilibria  for  mixtures  which  do  not  form 
mixed  crystals.  However,  the  difficulties,  particularly  at  low  temperatures, 
have  restricted  the  use  of  these  techniques  to  all  but  the  most  exacting 
cases.  The  development  of  the  new  technique  by  Aston  et  al.  will,  because 
of  its  simplicity  and  efficiency,  undoubtedly  increase  the  use  of  fractional 
melting  and  make  the  preparation  of  very-high-purity  samples  possible  for 
all  laboratories. 
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I.  Elements  of  Chemical  Thermodynamics 

1.  FUNDAMENTAL  PROPERTIES 

One  may  take  as  the  fundamental  thermodynamic  properties  of  a  sys¬ 
tem  the  following:  the  pressure,  P;  the  volume,  V\  the  temperature,  P; 
the  internal  or  intrinsic  energy,  E ;  and  the  entropy,  S. 

2.  FIRST  LAW  OF  THERMODYNAMICS 

1  he  first  law  of  thermodynamics  states  the  change  in  energy  of  a  system 
participating  in  any  process  is 

dE  =  8Q  -  8W,  (1) 

where  8Q  is  the  algebraic  net  heat  absorbed  by  the  system  from  its  surround¬ 
ings,  8 W  is  the  algebraic  net  work  done  by  the  system  on  the  surroundings, 
and  dE  is  the  algebraic  net  increase  in  the  energy  of  the  system. 

3.  HEAT  CONTENT  (OR  ENTHALPY) 

When  the  process  takes  place  at  constant  pressure,  with  only  work  of 
the  “ PV ”  kind,  then 

8W  =  PdV  =  d{PV)  (2) 

and,  in  this  special  case,  equation  1  becomes 

dE  =  8Q  =  d(PV)  (3) 

or 

d{E  +  PV)  =  8Q  (4) 

Because  this  combination  of  properties,  E  +  PV,  is  encountered  fre¬ 
quently  in  thermodynamic  problems,  it  is  convenient  to  let 

H  =  E  +  PV,  (5) 

where  H  is  the  heat  content  (or  enthalpy).  In  terms  of  the  heat  content, 
equation  4  becomes 

dll  =  8Q  (6) 

4.  SECOND  LAW  OF  THERMODYNAMICS 

The  second  law  of  thermodynamics  treats  of  the  decrease  in  the  avail¬ 
ability  of  energy  for  doing  useful  work,  which  is  the  result  oi  the  tendency 
of  every  system  to  approach  a  state  of  final  equilibrium  or  maximum  prob¬ 
ability.  The  second  law  of  thermodynamics  states  that  the  change  in 
entropy  of  a  system  participating  in  a  reversible  process  (that  is,  a  process 
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in  which  the  resisting  force  or  pressure  differs  from  the  applied  force  or 
pressure  by  only  an  infinitesimal  amount)  is 

dS  =  8Q/T,  (7) 

where  8Q  is  the  algebraic  net  heat  absorbed  by  the  system,  T  is  the  absolute 
temperature,  and  dS  is  the  algebraic  net  increase  in  entropy  of  the  system. 
Equation  7  may  also  be  written  as 

8Q  =  TdS  (8) 

5.  CRITERION  OF  EQUILIBRIUM 

For  any  system  taking  part  in  a  reversible  process,  combination  of  the 
first  and  second  laws  (as  expressed  by  equations  1  and  8)  yields 

dE  =  TdS  -  8W  (9) 

The  work  term  8W  may  be  separated  into  two  parts. 

8W  =  PdV  +  8W'  (10) 

where  PdV  represents  the  “PV”  work  against  the  boundaries  confining 
the  system  and  8W'  represents  all  other  work  done  by  the  system. 
Combining  equations  9  and  10,  one  obtains 

8W'  =  -(dE  +  PdV  -  TdS)  (11) 

If  the  value  of  8W'  is  positive,  the  given  system  is  capable  of  performing 
work  (over  and  above  the  “PV”  work)  that  can  be  put  to  useful  purposes, 
and  the  system  can  be  thermodynamically  harnessed  to  do  this  useful  work. 
In  such  circumstances,  the  system  being  some  distance  removed  from  its 
state  of  equilibrium,  it  will  tend  to  proceed  toward  that  state  of  equilibrium 
naturally  and  of  its  own  accord,  and,  during  this  spontaneous  passage  from 
its  initial  state  to  the  state  of  equilibrium,  the  system  may  be  harnessed  to 
perform  useful  work.  When  5W'  is  negative,  useful  work  must  be  supplied 
to  the  system  to  produce  the  prescribed  change,  and  the  change  is,  there¬ 
fore,  away  from  the  state  of  equilibrium  in  an  unnatural  direction. 

When  8W'  is  zero  for  a  given  process,  the  system  can  neither  yield  nor 

absorb  useful  work  and  it  must  therefore  already  be  at  the  state  of  equili¬ 
brium.  M 

The  foregoing  may  be  used  as  the  general  criterion  of  equilibrium  for 
any  system  with  respect  to  any  prescribed  process.  That  is,  the  system  is 
at  equilibrium  with  respect  to  any  process  whenever 

-  (dE  +  PdV  -  TdS)  =  0 


8W'  = 


(12) 
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Man>  processes  occur  at  constant  temperature  and  constant  pressure, 
and,  under  such  circumstances, 


TdS  =  d(TS ) 


(13) 


and 


PdV  =  d(PV).  (14) 

Combination  of  equations  12,  13,  and  14,  yields 

W  =  —  d{E  +  PV  -  TS)  =  0  (is) 

which  becomes  the  criterion  for  equilibrium  for  processes  occuring  at  con¬ 
stant  temperature  and  constant  pressure. 

6.  FREE  ENERGY 

The  combination  of  properties,  E  +  PV  -  TS,  occurs  frequently  in 
chemical  thermodynamic  problems  and  it  is  convenient  to  define  a  function 
called  the  free  energy,  as 


F  =  E  +  PV  -  TS. 

With  this  notation,  equation  15  may  be  written  as 

5  W'  =  -dF  =  0. 


(16) 


(17) 


That  is  to  say,  a  system  is  at  equilibrium  with  respect  to  a  given  process 
at  constant  temperature  and  pressure  whenever  the  change  in  free  energy 
is  zero. 

If  for  a  given  process  at  constant  temperature  and  pressure,  the  value  of 
bW'  is  positive  (or  if  dF  is  negative),  the  energy  liberated  by  the  system  is 
free  to  be  put  to  useful  purposes. 

It  should  be  noted  that  the  definition  of  the  two  functions,  H  and  F,  as 
given  in  equations  5  and  16,  has  been  such  as  to  produce  the  relation: 

F  =  //  -  TS.  (18) 

7.  CHANGE  OF  FREE  ENERGY  WITH  PRESSURE  AND  TEMPERATURE 

When  a  substance  is  subjected  to  a  reversible  process  involving  only 
changes  of  temperature,  pressure,  and  volume,  with  work  only  of  the  “PV” 
kind,  the  term  8W  in  equation  9  becomes 

bW  =  PdV  (19) 

and  equation  9  may  be  written  tor  this  special  case  as 

dE  =  TdS  -  PdV. 


(20) 
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From  the  definition  of  F  in  equation  16,  one  may  obtain  by  differentiation 
dF  =  dE  +  PdV  +  VdP  -  TdS  -  SdT. 


(21) 


Combination  ol  equations  20  and  21  yields 

dF  =  VdP  -  SdT. 


(22) 


At  constant  temperature,  equation  22  reduces  to 

dF  =  VdP,  (23) 

which  gives  the  change  of  free  energy  with  pressure  at  constant  tempera¬ 
ture.  Similarly,  at  constant  pressure,  equation  22  reduces  to 

dF  =  —SdT,  (24) 


which  gives  the  change  of  free  energy  with  temperature  at  constant  pres¬ 
sure. 

8.  FREE  ENERGY  OF  AN  IDEAL  GAS 

If  one  has  an  ideal  gas  participating  in  a  reversible  process  at  constant 
temperature,  with  no  work  other  than  that  of  the  “PV”  kind,  then  since 

V  =  RT/P  (25) 


equation  23  becomes 

dF  =  VdP  =  ( RT/P)dP  =  RTd  In  P,  (26) 


which  gives  the  change  in  free  energy  of  an  ideal  gas  with  pressure  at 
constant  temperature. 

9.  HEAT  CAPACITY 

The  heat  capacity  of  a  system  is  defined  so  that,  at  constant  pressure, 

Cv  =  dH/dT.  (27) 

For  a  specified  range  of  temperature,  7\  to  T2,  heat  capacity  may  be  ex¬ 
pressed  as  a  relatively  simple  function  of  temperature,  as 

Cp  =  a  +  bT  +  cP;  (7\  to  1\).  (28) 

All  such  equations,  and  all  other  derived  equations  involving  these  same 
constants,  are  valid  only  within  the  specified  range  of  temperature. 


10.  HEAT  OF  REACTION  AND  ITS  CHANGE  WITH  TEMPERATURE 

for  any  given  process  or  reaction,  proceeding  from  an  initial  state  A  to 
a  final  state  B,  the  increment  in  heat  content  (or  the  heat  of  reaction)  is 


A//  -  // u  -  Ha. 


(29) 
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For  the  same  reaction,  the  increment  in  heat  capacity  may  be  written  as 

ACP  =  CPB  —  CPA.  (30) 

Combination  of  equations  27,  28,  29,  and  30  yields 

d(AH)/dT  =  A Cp  =  (aB  -  aA)  +  ( bB  -  bA)T  +  ( cB  -  cA)T 2 

=  Ao  +  (A  b)T  +  (Ac)  T2.  (31) 

Integration  of  this  expression  yields 

AH  =  AH *  +  (A a)T  +  J(A b)T2  +  i  (A c)T*-  {Tx  to  T2).  (32) 

It  is  important  to  note  that  the  constant  in  equation  32,  namely  A //*, 
must  be  evaluated  from  the  values  of  the  constants  of  the  heat  capacity 
equations  and  the  value  of  AH  for  a  given  temperature  within  the  range 
Ti  to  7V  Furthermore,  equation  32  is  applicable  only  within  the  range  of 
temperature  to  7V 


11.  EQUILIBRIUM  CONSTANT  FOR  IDEAL  GAS  REACTION 

Consider  a  simple  reaction  occurring  in  the  ideal  gaseous  state  at  a  given 
temperature : 


?hV(gas)  =  milf(gas). 


(33) 


For  the  substances  M  and  N  in  certain  states  s,  one  may  write  the  change 
in  free  energy  for  this  reaction  as 

A F*  =  mF3M  -  nFl  (34) 

Likewise,  for  the  substances  M  and  N  in  certain  states  e,  one  may  write 

A Fe  =  mFeM  -  nFeN.  (35) 

Subtraction  of  equation  35  from  equation  34  yields 

A  F8  —  A  Fe  =  m(F*  —  Fe)M  —  n(Fs  —  Fe)y,  (36) 

which  represents  the  difference  in  the  change  in  free  energy  for  the  two  sets 
of  conditions. 

Integration  of  equation  26,  between  the  pressures  corresponding  to  the 
states  s  and  e,  respectively,  yields  for  the  difference  in  free  energy  of  one 
mole  of  the  ideal  gas  M  between  the  states  s  and  e, 

-  Fe)M  =  RT  In  ( P°/Pe)M  (37) 

and  similarly  for  the  ideal  gas  N , 

(F*  -  Fe)N  =  RT  In  (P*/FeV. 


(38) 
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Combination  of  equations  36,  37,  and  38  yields 

A P®  -  A Fe  =  mRT  In  ( P*/PC)M  -  nRT  In  (. P*/Pe)N ,  (39) 

which  on  rearrangement  yields 

Ap  -  A P  =  RT  In  (Pmu/PZ)‘  -  RT  In  (P"u/Pi)‘-  (40) 

Letting 


0  =  Pm/p; 


(41) 


be  the  “proper  quotient  of  pressures”  for  the  reaction  given  in  equation  33, 
one  may  write  equation  40  as 


AP®  -  AP®  =  RT  In  Q3  -  RT  In  Q®. 
Let  the  states  s  be  identified  as  standard  states,  with 

Pm  =  P  n  —  L 


Then 


RT  In  Q"  =  0 


(42) 


(43) 


(44) 


and,  following  the  Lewis  and  llandall  (2)  nomenclature  for  designating 
standard  states,  one  may  write 


AP®  =  AP". 


(45) 


and 


Qe  =  K 


AP®  =  0. 


Likewise,  let  the  states  c  be  identified  as  equilibrium  states.  Then  for 
these  states  the  “proper  quotient  of  pressures”  will  be  the  equilibrium  constant 
and  the  change  in  free  energy  will  be  zero,  so  that  one  may  write 

(46) 

(47) 

On  appropriate  substitution  equation  42  reduces  to  the  familiar  relation 
between  the  equilibrium  constant  and  the  standard  change  in  free  energy: 

A P°  =  —  R  T  In  K.  (48) 

From  equation  18,  one  may  write  for  any  reaction, 

AP  =  A (H  -  TS ).  (49) 

At  constant  temperature,  this  equation  becomes 

AP  =  A II  -  TAS. 


(50) 
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It  eacli  reactant  and  product  is  in  its  thermodynamic  standard  state,  then, 
further, 

AF°  =  AH0  -  TAS°  =  —  RT  In  IC.  (51) 

From  equation  51,  one  may  write  the  equilibrium  constant  explicitly  as 

K  =  (e  (52) 


For  a  reaction  involving  a  given  number  and  kind  of  atoms,  equation  52 
shows  that  the  atoms  will  tend  to  go  into  those  molecular  configurations 
in  which  the  entropy  is  greatest,  corresponding  to  the  largest  number 
of  states  of  existence,  and,  at  the  same  time,  into  those  molecular  configura¬ 
tions  having  the  lowest  energy,  that  is,  those  molecules  in  which  the  energy 
of  binding  of  the  atoms,  one  to  another,  is  greatest. 

In  the  production  of  a  given  material  by  means  of  a  proposed  reaction, 
one  of  the  practical  things  to  know  is  the  value  of  the  equilibrium  constant 
for  the  given  reaction.  For  most  reactions  involving  hydrocarbons,  it  is 
usually  not  possible  to  determine  the  equilibrium  constant  directly,  and  it 
becomes  necessary  to  evaluate  it  by  way  of  the  standard  change  in  entropy, 
A*S°,  and  heat  content,  A//0,  for  the  reaction. 

In  general,  the  values  of  the  change  in  entropy,  A*S'°,  may  be  obtained 
from  the  values  of  the  entropies  of  the  reactants  and  products,  determined 
in  each  case  by  (a)  application  of  the  third  law  of  thermodynamics  to 
measurements  ol  heats  ot  transition,  fusion,  and  vaporization,  and  heat 
capacities,  down  to  low  temperatures,  or  (b)  statistical  calculations  utiliz¬ 
ing  spectroscopic  and  other  molecular  data. 

Likewise,  the  values  of  the  change  in  heat  content,  A//",  may  be  ob¬ 
tained,  in  general,  from  calorimetric  measurements  ot  the  heats  ot  appropri¬ 
ate  reactions. 


12.  FUGACITY  AND  ACTIVITY 

Since  actual  gases  are  not  ideal,  Lewis  (1)  found  it  desirable  to  invent 
a  new  thermodynamic  function,  /,  called  the  fugacity,  which  permits  the 
retention,  in  thermodynamic  calculations,  of  the  simple  form  of  equations 
2b  and  37,  with  the  pressure  being  replaced  by  the  fugacity.  I  he  fugacity 
may  therefore  be  looked  upon  as  the  actual  pressure  corrected  to  ht  the 
requirements  of  equations  20  and  37.  The  fugacity  is  defined  by  the 

relation 

(53) 


RT  In  (S/P) - [  “ 

•'0 


dP 


where 


a 


=  R  T  IP  -  V, 


(54) 
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the  difference  between  the  molal  volume  of  the  ideal  gas  and  that  of  the 

actual  gas  at  the  same  temperature  and  pressure. 

In  order  to  simplify  thermodynamic  calculations  involving  condensed 
phases,  under  conditions  where  the  vapor  pressures,  and  hence  the  fugacities, 
are  very  small,  it  is  convenient  and  desirable  to  follow  Lewis  and  Randall  (2) 
in  the  use  of  still  another  thermodynamic  function  called  the  activity. 
The  activity  of  a  given  substance  is  defined  as  the  ratio  ol  its  fugacity ,  /», 
in  the  given  state  to  its  fugacity,  /?,  in  an  appropriately  selected  standard 

reference  state,  as 


a. 


=  fi/fi- 


(55) 


By  this  definition,  the  activity  of  any  substance  in  its  standard  reference 
state  is  unity. 

Furthermore,  the  definitions  of  fugacity  and  activity  are  such  that  the 
following  relations  hold: 


Ft  -  FS  =  RT  \n  fi/fi  (56) 

Fi  -  F°i  =  RT\n  at  (57) 


and  the  equilibrium  constant  for  equation  33  becomes 

K  =  amM/aN-  (58) 

For  details  concerning  fugacity  and  activity  as  thermodynamic  func¬ 
tions,  the  reader  is  referred  to  Lewis  and  Randall  (2).  Values  of  the  fugacity 
as  a  function  of  pressure  are  discussed  by  Newton  (3),  Edmister  (4), 
Hougen  and  Watson  (5),  and  Watson  (6). 

II.  Evaluation  of  Entropies 

1.  ENTROPIES  FROM  THE  THIRD  LAW  OF  THERMODYNAMICS 

In  evaluating  entropies  by  means  of  the  third  law,  use  is  made  of  the 
relation  given  by  the  second  law,  namely, 

dS  =  dQ/T. 

On  integration,  one  obtains  the  relation 

T 

St  -  So  =  [  dQ/T 
Jo 

where  So  is  the  entropy  of  the  substances  at  the  absolute  zero  Actually 
ol  course,  measurements  can  never  be  carried  to  the  absolute  zero  and  the 


(59) 

(69) 
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investigator  starts  at  7  *,  with  the  values  of  the  integral  below  7'*  being 
obtained  by  extrapolation.  Indicating  this  fact,  one  may  write 


ST  —  So  +  f  dQ/T  +  f  dQ/T. 
•'O  J  r. 


(Gl) 


Here  the  last  term  is  derived  completely  from  the  experimental  observa¬ 
tions  of  heat  capacity,  and  heats  of  transition,  fusion  and  vaporization,  and 
the  value  of  the  second  term  on  the  right  side  of  equation  61  is  obtained  by 
extrapolating  from  77*  to  the  absolute  zero  the  measurements  of  heat 
capacity  made  above  71*,  in  conjunction  with  an  appropriate  theoretical 
equation  (usually  the  Debye  equation  for  the  heat  capacity  of  solids). 
The  extrapolation  from  7’*  to  0°K.  in  this  way  accounts  for  the  entropy 
associated  with  the  ordinary  thermal  energy  resident  in  the  substance  at 
T *,  the  lowest  temperature  of  measurement.  The  term  S0  represents,  there¬ 
fore,  the  entropy  of  the  substance  at  absolute  zero  as  determined  essentially 
by  its  quantum  condition  at  T*. 

A  simple  statement  of  the  third  law  is  the  following:  If  at  the  lowest 
temperature  of  measurement,  T7*,  the  substance  is  in  a  single  pure  quantum 
state  (except  for  the  ordinary  thermal  energy  that  is  accounted  for  by  the 
extrapolation  from  77*  to  0°K.),  then  *S0  may  be  placed  equal  to  zero. 
When  this  condition  holds,  then  equation  61  becomes 


T  /*T 

ST  =  /  ’  dQ/T  +  /  dQ/T  (02) 

Jo  Jrt 

and  the  entropy  at  the  temperature  7'  becomes  determined  substantially 
completely  from  the  calorimetric  observations.  (It  is  obvious  that  7* 
should  be  made  as  low  as  possible  in  order  that  the  extrapolation  shall 
introduce  as  small  an  error  as  possible.  For  most  hydrocarbons,  7*  should 
preferably  be  as  low  as  the  temperatures  attainable  with  liquid  hydrogen, 

10  to  20°K.). 

For  a  substance  that  conforms  to  the  third  law,  that  is  a  gas  at  the 
temperature  T,  and  that  has  two  stable  crystalline  forms,  the  entropy  of 
the  gas  at  the  temperature  7’  would  be  given  as  follows: 

i'T*  rTtr  /a  H\ 

ST(  gas)  =  f  dQ/T  +  /  Cp{c,  II)  d  In  7  +  ) 

+  f/  Cp(c,  I)  d  In  T  +  (ff)f  +  f/  CP  (liq)  d  In  T  (03) 

+  (fW>)dinr- 
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liquid  from  the  temperature  of  fusion  to  the  temperature  of  vaporization, 
the  entropy  of  vaporization  and  the  increase  in  entropy  of  the  gas  from  the 
temperature  of  vaporization  to  the  given  temperature  T. 

From  the  data  that  are  now  available,  it  appears  that  all  the  hydro¬ 
carbons  so  far  investigated  conform  to  the  requirements  of  the  third  law 
as  stated  above.  The  following  substances  have  been  measured  calorimetri- 
cally  down  to  the  temperature  of  liquid  hydrogen  and  have,  for  the  reasons 
indicated,  been  found  to  possess  at  the  lowest  temperature  of  measurement 
entropy  in  excess  of  that  associated  with  the  ordinary  thermal  energy  of  the 
crystal  at  that  temperature :  H2  and  D2 ,  entropy  of  mixing  of  ortho-  and 
para-forms  in  nonequilibrium  amounts  (7) ;  II20  and  D20,  entropy  associated 
with  the  randomness  of  arrangement  of  the  hydrogen  bonds  in  the  crystal 
(8);  CO,  NO,  and  N20,  entropy  associated  with  a  random  or  partially  ran¬ 
dom  “end-for-end”  arrangement  of  the  molecules  in  the  crystal  (9,  10,  11, 
12). 

For  further  discussion  regarding  the  third  law,  the  reader  is  referred  to 
Lewis  and  Randall  (2),  Eastman  (13),  and  Pauling  and  Eastman  (14). 


2.  ENTROPIES  FROM  STATISTICAL  CALCULATIONS 


In  evaluating  the  energy  and  entropy  of  gaseous  molecules  by  means  of 
statistical  calculations  utilizing  spectroscopic  and  other  molecular  data, 
the  procedure  is  to  consider  the  energy  (referred  to  the  absolute  zero)  of  a 
given  gaseous  molecule  in  the  ideal  state  as  being  made  up  of  translational, 
rotational,  vibrational,  and  electronic  parts: 

E  =  Eo  +  E(trans)  +  E(rot)  +  E(vib)  +  E(electronic).  (64) 

Once  the  energy  is  known  as  a  function  of  the  temperature,  the  heat  capac¬ 
ity  and  entropy  are  determined  by  the  usual  equations: 


Cv  =  (8E/8T)V 

S  =  fcj  In  T  =  f  (8E/8T)vd  In  T. 


(65) 


(66) 


If  a  molecule  is  capable  of  existing  in  any  one  of  a  set  of  definite  states  of 
eneigy,  and  if  its  distribution  among  the  given  states  of  energy  is  governed 
by  a  known  law,  the  energy  (referred  to  the  ground  level)  resident  in  one 
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mole  of  such  molecules  at  any  given  temperature  can  easily  be  calculated. 
Let  the  horizontal  lines  of  the  following  energy  level  diagram  represent 
the  possible  states  of  energy  for  a  given  molecule. 

Xo.  of  given  level 


Energy  levels  Energy  of  given  level  No.  of  states  at 

given  level 


i 

3 


ti¬ 

ts 

<2 

tl 

to 


m 

>h 

<h 

(J\ 

t/0 


1  he  levels  ot  energy  are  numbered  as  indicated,  beginning  with  zero  at  the 
bottom  or  ground  level.  The  multiplicity,  or  number  of  individual  states 
existing  at  each  level  ot  energy,  is  given  by  go ,  gi ,  g% ,  etc.,  and  the  energy 
of  each  level  is  represented  by  €() ,  e, ,  e_. ,  e3 ,  etc. 

Let  ?ii  be  the  number  of  molecules  in  one  state  at  the  energy  level  e, ,  no 
the  number  in  one  state  at  the  ground  level  eo ,  etc.  Then,  according  to 
the  Boltzmann  distribution  law, 


r,  _  >}  -(U-to)lkT 
Hi  —  Hoe 


(67) 


The  number  of  molecules  having  an  energy  e,  will  be  n,#,- ,  where  gi  is  the 
multiplicity  or  number  of  states  at  the  level  e(.  The  total  number  of 
molecules  is 

1  mole  =  N  —  =  no'Zl  g#  ~u'~to)lkT.  (68) 

From  equations  67  and  68,  there  is  obtained  for  the  number  of  molecules 
in  the  ground  level 

\t  /  V  ^  —  (*» — *q) / h  r 

no  =  N/2^  g$ 

and  for  the  number  in  one  state  at  the  level  «», 

The  total  energy,  referred  to  the  ground  level,  becomes 
E  —  Eo  =  ^nigi(t,  -  e0) 

AT  n  —  («»— «o)/fcr 

=  N  2^f/'(€>  “  e° )e  /  1^9* e 

For  convenience,  the  following  abbreviations  are  used  (16). 

,1,  = 

Hi  =  </,(<.  - 

1),  =  g,Ui  -  "kT 


(09) 


(70) 


(71) 

(72) 

(73) 

(74) 
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It  will  be  noted  that 


dAi/dT  =  Bi/kT2 


(75) 


and 


dBi/dT  =  Di/kT-. 


(76) 


Substituting  the  above  abbreviations  into  equation  71,  there  is  obtained 
for  the  energy  of  one  mole  of  molecules  referred  to  the  ground  level 


K  —  En  =  NY.Bi/Y^Ai. 


From  equations  65  and  77,  there  is  obtained 

Cv  =  (N/kr-)[C£JDi/Y.A^  - 


(78) 


From  equations  66  and  77,  there  is  obtained 

S  =  R  In  +  (E  —  Eo)/T. 

From  equations  16  and  79,  and  the  ideal  gas  relation,  P  l 
obtained  for  the  free  energy  function: 

(F  -  E0)/T  =  R(l  -  In  J2A*)- 


(79) 

RT,  there  is 


(80) 


When  the  actual  energy  levels  of  a  given  molecule  are  known,  the  fore¬ 
going  equations  make  it  possible  to  calculate  the  given  thermodynamic 
properties  with  an  accuracy  commensurate  with  the  accuracy  of  the  energy 
level  diagram.  In  making  such  calculations,  it  is  convenient  to  consider 
separately  the  contributions  from  translation,  rotation,  vibration,  and 
electronic  excitation. 

In  the  case  of  the  translational  contribution,  the  energy  levels  for  a  gase¬ 
ous  particle  of  mass  m,  in  a  box  of  volume  V,  with  the  concentration  of  the 
particles  being  low  enough  to  produce  negligible  interaction  between  them, 
are  given  by  the  following  expression  (16,  17): 


(«,•  —  eo)  (trans)  =  (nx  +  n2y  +  nl)(h?/8mV213)  (81) 


where  nx,  ny,  and  ne  are  the  quantum  numbers  associated  with  the  three 
coordinates  of  the  system  and  have  values  running  from  0  to  °o.  The 
proper  value  for  the  partition  function  for  translation  is 

^Ai(trans)  =  ( 2TrmkT)3nVego/Nh 3  (82) 

where  go  is  the  multiplicity  of  the  ground  state  of  the  particle  and  e  is  the 
base  of  the  natural  logarithm.  Substitution  into  equations  77,  78,  and 
?9  yields 


(E  -  Eo) (trans)  =  3/2 RT 
Cy  (trans)  =  3/2  R 

<S (trans)  =  R  In  [(2TnnkT)3nVego/Nh3]  +  3/2 R 


(83) 

(84) 

(85) 
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where  R  is  the  gas  constant  per  mole  in  cal./deg.  The  foregoing  equations 
for  the  translational  contribution  are  applicable  to  all  except  those  ex¬ 
tremely  low  temperatures  that  are  of  little  practical  interest  at  the  present 
time. 

In  the  case  of  the  rotational  contribution,  the  most  accurate  procedure 
utilizes  the  actual  rotational  energy  levels  of  the  molecule  as  determined 
from  the  analyses  of  appropriate  spectrograms.  The  value  of  as 

defined  by  equation  t2,  may  be  obtained  by  summation  over  these  actual 
levels  of  energy,  term  by  term,  or  the  levels  of  energy  may  be  expressed  in 
terms  of  an  appropriate  series  and  the  value  of  A  %  obtained  by  an  analyti¬ 
cal  summation. 

Whenever  the  actual  diagram  of  energy  levels  for  rotation  is  not  known, 
a  very  good  approximation  for  ordinary  temperatures  may  be  obtained  by 
using  the  levels  of  energy  deduced  theoretically  for  a  rigid  rotator,  which 
requires  a  knowledge  of  the  moment  of  inertia  of  the  molecule.  For  a  linear 
molecule,  which  effectively  has  only  two  degrees  of  rotational  freedom, 
the  energy  levels  are  given  by  the  relation  (16,  17): 

(«<  -  eo) (rot)  =  j(j  +  l)h2/8ir2I)  (86) 


where  I  is  the  moment  of  inertia  of  the  molecule  and  j  is  the  rotational 
quantum  number.  For  the  rotational  levels,  the  multiplicity,  gq,  is  equal 
to  2j  +  1,  and  the  proper  value  of  the  partition  function  for  rotation 
for  a  linear  molecule  is 

TA (rot)  =  -  E(2 i  +  l)e-i<'+lw’,8',,*r  (87) 

a 


where  <j  is  the  symmetry  number,*  being  either  1  or  2  for  a  linear  molecule. 
Whenever  h2/8-jr2IkT  is  very  much  less  than  unity,  as  it  is  for  most  mole¬ 
cules  at  ordinary  and  high  temperatures,  the  above  partition  function  for 
rotation,  on  replacing  the  summation  by  an  integration,  simplifies  to 


J>f(  rot)  =  8-vAIkT /h2  a.  (88) 

Substitution  into  equations  77,  78,  and  76  yields  for  any  linear  molecule 

(E  -  Eo) (rot)  =  RT  (89) 

C(rot)  =  R  (90) 

£(rot)  =  R  In  (8i w2IkT/h2a)  +  R  (90 

=  R  In  {IT /a)  +  177.67  cal./deg.  mole  (92) 

when  R  is  in  cal./deg.  mole  and  I  is  in  g.cm.2 


*  The  symmetry  number  is  the  number  of  ways  the  molecule  may  be  superim- 
posed  upon  itself  by  rotation  of  the  entire  molecule.  Examples  of  the  value  of  the 
symmetry  number  for  several  polyatomic  molecules  are:  C02,  2:  OH4,  12.  JN  3) 
N20,  1:  C2H2  (acetylene),  2:  C2H4  (ethylene),  4. 
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For  any  nonlinear  polyatomic  molecule,  which  has  three  degrees  of  rota¬ 
tional  freedom,  the  partition  function  for  rotation  is,  for  small  values 
of  h2/8ir2IkT, 

2>,(rot)  =  (8ir2kT/h2yi2(TlJBIc)1,2/<r  (93) 

where  IA,  Ib  and  Ic  are  the  three  moments  of  inertia  of  the  molecule. 
Substitution  into  equations  77,  78,  and  79  yields  for  any  nonlinear  molecule 


(E  -  E 0)(rot)  =  3/27?  T  (94) 

C(rot)  =  3/2  R  (95) 

S(rot)  =  R  In  [(8ir2kT/h2yi\TlJBIc)ll2/<T]  +  3/2 R  (96) 

=  R  In  [(/a/b7c)1/2F3/2/o-]  +  267.65  cal. /deg.  mole.  (97) 


Corrections  to  the  foregoing  approximation  equations  for  the  “stretching” 
of  the  molecule  in  the  higher  rotational  states  have  been  derived,  and  may 
be  applied  whenever  the  population  of  molecules  in  such  states  is  large 
enough  (49,  50). 


In  the  case  of  the  vibrational  contribution,  the  most  accurate  pro¬ 
cedure  utilizes  the  actual  vibrational  energy  levels  of  the  molecule.  As 
in  the  case  of  the  rotational  part,  the  value  of  ^Ai  (equation  72)  for  vibra¬ 
tion  may  be  obtained  by  a  summation  over  the  actual  energy  levels,  term 
by  term,  or  by  analytical  summation  of  an  appropriate  series  expressing 
the  vibrational  energy  levels  as  a  function  of  their  quantum  number. 

Whenever  the  actual  energy  level  diagram  for  vibration  is  not  known, 
a  \  ery  good  approximation  may  be  obtained  by  utilizing  the  energy  levels 
deduced  theoretically  for  a  harmonic  oscillator.  This  requires  a  knowledge 
o  tie  value  of  each  ol  the  fundamental  frequencies  of  vibration  in  the 
molecule,  which,  lor  a  molecule  of  a  atoms  are  3a  -  5  in  number  for  a  linear 
molecule  and  3a  -  6  in  number  for  a  nonlinear  molecule.  For  this  procedure 

rel6ationr8(16ei7)S  “  de8‘'ee  °f  vibrational  freedo™  are  given  by  the 


(et-  -  e0)(vib)  =  mhv 


(98) 


where  *  is  the  fundamental  frequency  of  vibration  for  the  given  degree  of 
vibrational  freedom,  and  n*  has  values  from  Otooo.  The  proper  value  o 
ie  paitition  function  for  each  degree  of  vibrational  freedom  is 


Letting 


XUi(vib)  =  =  (1  _  J 


(99) 


x  =  hv/kT  =  (hc/k)(oi/T) 


(100) 


378 


FREDERICK  D.  ROSSINI 


where  c  is  the  velocity  of  light  and  co  is  the  wave  number  or  the  reciprocal 
oi  the  wave  length,  and  substituting  into  equations  77,  78,  and  79  yields, 
for  each  degree  of  vibrational  freedom, 

{E  -  £0)(vib)  =  RTx/{e x  -  1)  (101) 

C(vib)  =  R(x2ex)/{e*  -  l)2  (102) 

S(vib)  =  R  In  (1  -  e~x)~l  +  Rx/(ex  -  1)  (103) 

=  R[x/(ex  -  1)  -  hi  (1  -  e~x)].  (104) 

When  x  is  small,  as  for  large  values  of  T,  (7(vib)  approaches  the  value  R. 

The  total  vibrational  contribution  t  o  each  of  these  properties  is  obtained 
by  summing  over  all  the  fundamental  frequencies  of  vibration.  The  labor 
of  such  calculation  is  greatly  lessened  by  making  use  of  the  several  pub¬ 
lished  tables  which  give  the  values  of  the  above  functions  for  various  values 
of  x,  as  defined  above,  or  of  co/77,  where  co  is  the  wave  number  (reciprocal 
of  the  wavelength)  in  cm.-1  (20,  51). 

Because  for  most  molecules  the  first  electronic  energy  level  is  so  high  in 
energy  above  the  ground  level,  its  population  is  usually  negligible,  and  the 
contribution  to  the  several  thermodynamic  properties  arising  from  the 
electronic  energy  does  not  enter  even  into  the  most  accurate  calculations. 
Whenever  the  population  of  such  levels  does  become  significant,  as  for 
extremely  high  temperatures  or  in  the  case  of  certain  molecules  having 
electronic  states  of  relatively  low  energy,  their  contribution  must,  of  course, 
be  included  in  the  total  value  of  the  given  property. 

Table  I  gives  the  equations  for  calculating  the  exact  translational  con¬ 
tributions  (from  equations  83,  84,  and  85)  to  the  thermodynamic  func¬ 
tions  and  the  equations  for  calculating  the  approximate  rotational  con¬ 
tributions  (from  equations  89,  90,  92,  94,  and  95)  to  the  thermodynamic 
functions. 

By  adding  to  the  equations  given  in  Table  I  the  appropriate  contribu¬ 
tions  for  vibration  (as  given  by  equations  101,  102,  103,  and  104,  with  the 
summations  taken  over  all  of  the  vibrational  degrees  of  freedom),  one  may 
obtain  the  total  value  of  the  given  thermodynamic  function  for  the  given 

molecule.  .  . 

For  further  details  regarding  the  statistical  calculation  ot  thermodynamic 

functions,  the  reader  is  referred  to  Tolman  (16)  and  Mayer  and  Mayer  (17). 

3.  RESTRICTED  INTERNAL  ROTATION 

In  the  case  of  hydrocarbon  and  other  molecules  having  a  group  which 
can  oscillate  with  rather  large  amplitude,  or  even  rotate  completely,  about 
a  given  bond  in  a  plane  perpendicular  to  it,  the  foregoing  method  becomes 
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complicated  by  the  difficulty  of  ascertaining  the  proper  diagram  of  energy 
levels  to  be  associated  with  such  a  degree  of  freedom.  When  the  restric¬ 
tion  to  rotation  is  extremely  large,  the  energy  levels  may  be  taken  to  be 
those  of  a  simple  harmonic  oscillator,  while,  when  the  restriction  to  rotation 


TABLE  I 

Useful  Equations  with  Numerical  Constants,  for  Calculating  the  Thermo¬ 
dynamic  Functions  for  Translation  (of  all  Molecules)  and 
Rotation  (of  Rigid  Molecules) 

The  equations  in  this  table  may  be  used  to  calculate  the  translational  and  rota¬ 
tional  contributions  (in  cal. /deg. mole)  to  the  heat  content  function,  (//J  —  HD/T , 
the  free  energy  function,  (F°  —  HD/T,  and  the  entropy,  S°,  the  translational  heat 
capacity  at  constant  pressure,  Cp°,  and  the  rotational  heat  capacity,  0°;  all  for  a 
gas  in  the  thermodynamic  standard  gaseous  state  of  unit  fugacity  (1  atmosphere), 
at  the  given  absolute  temperature  T  (in  °K.).  M  is  the  molecular  weight  (g./mole). 
/  (g.cm.2)  is  the  value  of  the  two  equal  moments  of  inertia  of  a  linear  molecule  about 
axes  perpendicular  to  the  axis  of  the  molecule;  and  h,  /2,  and  I3  (g.  cm.2)  are  the 
three  principal  moments  of  inertia  of  a  nonlinear  molecule. 


Translation 
(of  all  molecules) 

(H°  -  H°0)/T  =  C p°  =  4.9680 

{F°  -  HD/T  =  -6.8635  log  M  +  7.2820  -  11.4392  log  T 
S°  =  6.8635  log  M  -  2.3141  +  11.4392  log  T 


Rotation 
(of  rigid  molecules) 

I.  Diatomic  or  Linear  Polyatomic  Molecules 
l H°  -  HD/T  =  C°  =  1.9872 

(a)  a  (symmetry  number)  =  1 : 

(F°  -  HD/T  =  -4.5757  log  (/  X  1039)  +  2.7676  -  4.5757  log  T 

S°  =  4.5757  log  (/  X  1039)  -  0.7804  +  4.5757  log  T 

(b)  o-  (symmetry  number)  =  2: 

{F°  -  HD/T  =  -4.5757  log  (I  X  1039)  +  4.1450  -  4.5757  log  T 

S°  =  4.5757  log  (/  X  1039)  -  2.1578  +  4.5757  log  T 

II.  Nonlinear  Polyatomic  Molecules 
(■ H°  ~  HD/T  =  C°  =  2.9808 

(F°  ~  H°)/T„ „  :  -292*74  ‘,°g  </'  >;  X  10“’>  +  •‘■5757  lag  „  +  3.0140  -  0.8635  log  T 

_ 2  2878  og  (7l  It  h  X  10* 1 II.")  -  4.5757  log  „  -  0.0332  +  6.8635  log  T 

rotator^  Sma"’  *he  eDergy  lewl5  may  l>e  taken  to  be  those  of  a  simple 


Jl  iT''al!y  aSS"meCl  (17’  19’  20'  2‘).  that  the  potential  restrictin 
■  lull  rotation  of  a  given  group  follows  the  relation 


^  ~  1/2F(1  —  cos  n<x) 


(l  05) 
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where  V  is  the  height  of  the  potential  barrier,  n  is  the  number  of  maxima 
for  a  complete  rotation  of  the  group,  and  a  is  the  angle  of  rotation.  Theo¬ 
retical  calculations  of  the  resulting  levels  of  energy  have  been  made  and 
discussed  by  several  authors  (20,  21,  22,  23). 

Pitzer  (21)  and  Pitzer  and  Gwinn  (24)  prepared  tables  for  determining 
the  contribution  made  by  the  degree  of  freedom  associated  with  the  re¬ 
stricted  rotation  of  a  given  group  to  the  thermodynamic  properties  of 
energy,  heat  capacity,  entropy,  and  free  energy  function. 

The  manner  of  determining  the  value  of  the  potential  barrier  restricting 
internal  rotation  in  a  given  molecule  may  be  illustrated  by  considering 
the  case  of  ethane,  which  has  a  total  of  twenty-four  degrees  of  freedom. 
Of  these,  three  are  of  translation,  three  of  rotation,  seventeen  of  ordinary 
vibration,  and  the  remaining  one  is  that  of  the  restricted  rotation.  By 
appropriate  analysis  and  calculation,  the  contribution  to  the  energy  (re¬ 
ferred  to  0°K.),  heat  capacity,  and  entropy  arising  from  the  3  +  3+17 
or  23  “known”  degrees  of  freedom  may  be  calculated.  The  given  property 
(most  conveniently  the  heat  capacity  or  entropy)  is  then  measured  experi¬ 
mentally.  The  difference  between  the  measured  value  and  the  value  calcu¬ 
lated  for  the  twenty- three  degrees  of  freedom  serves  to  yield,  for  the  given 
temperature  or  temperatures,  the  contribution  arising  from  the  restricted 
rotation,  within  the  limits  of  uncertainty  of  the  experimental  measurements 
and  the  calculations.  For  ethane,  the  magnitude  of  the  potential  barrier 
restricting  internal  rotation  has  been  evaluated  from  measurements  both 
of  the  entropy  and  the  heat  capacity,  and  the  results  of  both  methods  are 
in  good  accord  (19,  25).  Propane  has  similarly  been  investigated,  with 
equally  good  results  (26,  27). 


III.  Evaluation  of  Heats  of  Formation 

1.  THE  THERMOCHEMICAL  TABLE  (28) 

The  ideal  thermochemical  table  is  one  which  will  permit  calculation  of 
the  heat  of  every  chemical  reaction.  Obviously  it  would  be  impractical  to 
list  in  a  table  the  heat  of  every  reaction,  but  the  same  end  is  accomplished 
by  listing  for  each  chemical  substance  its  heat  of  formation  from  the  ele¬ 
ments  in  selected  standard  states.  It  is  evident  that,  by  proper  selection,  the 
number  of  chemical  reactions  whose  heats  must  be  measured  will  be  about 
the  same  as  the  number  of  substances  listed  in  the  table.  Some  saving  in 
the  number  of  reactions  to  be  measured  will  occur  among  the  organic  com¬ 
pounds  because  of  certain  correlations  which  permit  the  evaluation  of  the 
heat  of  formation  of  higher  members  of  homologous  series,  similar  isomeric 

structures,  etc.  .  , 

The  value  of  the  heat  of  formation  of  a  given  substance  may  be  the  result 
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of  the  determination  of  the  heat  of  one  reaction,  as  in  the  formation  of 
liquid  water  from  gaseous  oxygen  and  hydrogen.  For  many  other  sub¬ 
stances,  however,  the  value  will  result  from  the  measurement  of  the  heats 
of  several  reactions.  For  example,  the  value  ot  the  heat  ot  formation  of 
methane,  from  its  elements  carbon  and  hydrogen,  depends  upon  measure¬ 
ments  of  the  heats  of  the  following  three  reactions:  the  heat  of  combustion 
of  gaseous  methane  in  gaseous  oxygen  to  form  liquid  water  and  gaseous 
carbon  dioxide;  the  heat  of  combustion  of  solid  carbon  in  gaseous  oxygen 
to  form  gaseous  carbon  dioxide;  and  the  heat  of  combustion  of  gaseous 
hydrogen  in  gaseous  oxygen  to  form  liquid  water. 

There  will  be  certain  basic  values  in  the  table  which  will  be  used  very 
frequently  in  the  derivation  of  other  values.  These  basic  values,  which 
should  be  known  with  considerable  accuracy,  include  the  heats  of  formation 
of  water,  carbon  dioxide,  nitric  acid,  sulfuric  acid,  hydrogen  chloride, 
hydrogen  sulfide,  and  others.  Because  of  this  interdependence  of  many  of 
the  values  of  heats  of  formation,  it  is  extremely  desirable  that  values  for 
the  important  thermochemical  constants  be  carefully  selected,  and  when 
any  change  is  made  in  any  one  of  the  basic  values,  corresponding  changes 
should  be  made  in  all  the  values  which  depend  upon  it.  It  is  for  this  same 
reason  that  the  addition  or  subtraction  of  values  of  heats  of  formation  from 
different  tables  is  a  precarious  undertaking. 


2.  GENERAL  METHOD  (28) 

In  order  to  determine  the  value  of  the  heat  of  formation  of  a  substance, 
one  selects  for  measurement  reactions  in  which  all  the  reactants  and 
products,  except  the  given  substance,  are  either  elements  in  their  standard 
reference  states  or  are  substances  whose  heats  of  formation  are  known. 

The  chemical  reactions  whose  heats  are  to  be  measured  must  be  ones 
which  proceed  to  completion  (except  in  so  far  as  a  small  amount  of  side 
reaction  is  known  and  can  be  corrected  for)  and  for  which  the  amount  of 
reaction  can  be  accurately  measured. 

The  principle  of  the  modern  experimental  method  in  thermochemistry 
isto  carry  out  the  reaction  to  be  studied  in  the  calorimeter  in  such  a  manner 
that  it  will  be  possible  to  compare  the  heat  evolved  by  the  chemical  reac¬ 
tion  with  the  heat  evolved  by  electrical  energy  or  with  the  heat  evolved 
by  a  measured  amount  of  a  standard  chemical  reaction,  the  heat  of  which 
has  already  been  compared  with  electrical  energy. 

3.  HOMOLOGOUS  SERIES 

For  any  homologous  series  of  molecules  Y  —  /?  mmc,:,*;  e 
Y  attached  to  the  end  ot  a  normal  alkyl  radical,  ft,’ the  heat  ofWtfoTtf 
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the  molecule  in  the  gaseous  state  at  a  given  temperature,  from  the  ele¬ 
ments  in  their  standard  states,  may  be  represented  by  a  relation  of  the  form 

AHf  =  A  +  Bm  +  8  (106) 

\\  here  A  is  a  constant  for  the  given  homologous  series  characterized  by 
the  end  group  Y ,  B  is  a  constant  for  all  series  independent  of  the  end  group 
Y,  m  is  the  number  of  carbon  atoms  in  the  normal  alkyl  radical,  and  8  is  a 
deviation  term  which  has  a  decreasingly  significant  value  for  the  first, 
second,  and  third  members  of  the  series,  becomes  zero  at  about  the  fourth 
and  fifth  members,  and  is  zero  for  all  the  higher  members.  After  the  value 


TABLE  II 


Relation  Between  the  Value  of  the  Deviation  from  Linearity  in  the  Heat 
of  Formation  for  m  =  0  and  the  Number  and  Kind  of  Bonds  Associated 
with  the  Main  or  Attaching  Carbon  Atom  of  the  End  Group 


(From  Prosen,  Johnson,  and  Rossini  29) 


End  group 

Value  of  5  for  tn  =  0 

Bonds  associated  with  the  main  or  attaching 
carbon  atom  of  the  given  end  group  (not 
including  the  attaching  bond) 

C-H 

c-c 

(paraffin) 

C=-C 

(phenyl) 

C=C 

(olefin) 

C=C 

(acety¬ 

lene) 

Methyl  . 

kcal./mole 

-2.55  ±  0.37 

3 

Ethyl . 

0.02  ±  0.33 

2 

1 

.  . 

.  . 

("ItrplnhpYvl  . 

1.82  ±  0.41 

1 

2 

.  . 

f^.vrplnnpntvl  . 

2.05  ±  0.40 

1 

2 

.  . 

Tcmnrnnvl  . 

2.05  ±  0.50 

1 

2 

/oW-Rnt.vl  . 

2.55  ±  0.50 

3 

Vinvl 

2.76  ±  0.37 

1 

1 

▼  . . 

Phpnvl 

3.42  ±  0.38 

.  . 

.  . 

2 

3.68  ±  0.40 

#  # 

1 

1 

Ethynyl . 

4.94  dh  0.55 

•  * 

•  * 

1 

Of  the  constant  B  has  been  accurately  determined  from  measurements  on 
a  sufficient  number  of  compounds  of  one  series,  this  value  may  then  e 
used  for  all  other  series.  Then  the  evaluation  of  the  heats  of  formation  of 
all  the  members  of  any  other  homologous  series  of  compounds  will  require 
measurements  only  on  the  first  three  or  four  members  of  the  senes.  For 
several  such  homologous  series,  the  value  of  the  deviation  term  s,  or  , 

is  illustrated  in  Table  II,  which  gives  the  deviations  from  lme£‘‘  -v 
heats  of  formation  of  the  members  of  several  homologous  senes  of  hyd 

CaTbhe”  values  of  the  deviations  from  constancy  in  the  increment  per  CH. 
group,  for  m  =  o,  arc  characteristic  of  the  end  group  in  each  senes,  and 
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can  be  seen  to  vary  regularly  with  changes  in  the  number  of  hydrogen  atoms 
and  number  and  kind  of  carbon  atoms  bonded  to  the  main  01  attaching 
carbon  atom  of  the  end  group.  The  values  of  8  for  m  =  0  for  several  end 
groups  are  shown  in  Table  II  in  relation  to  the  number  of  carbon-hydrogen 
bonds  and  the  number  and  kind  of  carbon-carbon  bonds  associated  with 
the  main  or  attaching  carbon  atom  of  the  end  group. 


TABLE  III 

Heats  of  Isomerization*  of  Some  Paraffin  Hydrocarbons  in  the  Gaseous 

State  at  0°K. 


Compound 


n-Pentane . 

2-Methylbutane  (isopentane) . 

2, 2-Dimethylpropane  (neopentane) 


//(n-paraffin)  —  /7(isoparaffin) 


kcal./mole 

0.00 

1.39 

4.03 


n-Hexane . 

2- Methylhexane . 

3- Methylhexane . 

2. 2- Dimethylbutane 

2. 3- Dimethylbutane 


0.00 

1.10 

0.51 

3.63 

1.90 


n-Heptane . 

2- Methylhexane . 

3- Methylhexane . 

3-Ethylpentane . 

2.2- Dimethylpentane. . 

2.3- Dimethylpentane  . 

2.4- Dimethylpentane. . 

3.3- Dimethylpentane. . 

2.2.3- Trimethylbutane 


0.00 
1.12 
0.31 
-  .55 
3.35 
1.64 
2.33 
2.27 
2.92 


•  For  the  estimated  uncertainties  in  these  values,  see  Prosen  and  Rossini  (32). 


4.  HEATS  OF  ISOMERIZATION 

Differences  in  the  heats  of  formation,  which  are  the  heats  of  isomeriza¬ 
tion,  of  some  representative  isomeric  hydrocarbons  of  several  classes  are 

fZ1  "nsi  f,  \IV’  V’  am‘  VI'  These  values  arc  taken  from  ^e  “w” 
tables  (18)  of  the  American  Petroleum  Institute  Research  Project  44 

a  ues  for  other  isomeric  hydrocarbons,  including  diolefin  and  acetylene 

(30  r3lTp°nS’  may  obtalned  from  the  above  tables  (18),  See  also  Rossini 

3  wan  ’  P  !n  and  R°SSlni  (32>  33)'  and  Prosen  el  at-  (29  34  45) 

poto  aretof  ntd:  ^  C°n‘ent  °f  iS°meriC  ^"bons.’the  following 

(a)  Among  given  paraffin  isomers,  that  isomer  is  most  stable  with  regard 
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to  energy  (lowest  energy  content)  whicli  has 
skeleton  with,  at  the  same  time,  a  minimum 


the  most  compact  carbon 
of  steric  hindrance  or  con- 


TABLE  IV 

Heats  of  Isomerization*  of  Some  Monoolefin  Hydrocarbons  in  the  Gaseous 

State  at  0°K. 


Compound 

//(l-alkene)  —  iZ(isomer) 

kcal./mole 

1 -Butene  . 

o  on 

ci"s-2-Butene . 

1  3fi4 

Jrans-2-Butene . 

2.652 

Isobutene . 

3.482 

1-Pentene . 

0  00 

cts-2-Pentene . 

1  197 

/rans-2-Pentene . 

2.381 

2-Methyl -1 -butene . 

3.322 

2-Methyl-2-butene . 

4.696 

3-Methyl- 1 -butene . 

1.700 

*  For  the  estimated  uncertainties  in  these  values,  see  Prosen  and  Rossini  (33). 


TABLE  V 

Heats  of  Isomerization*  of  Some  Alkyl  Benzene  Hydrocarbons  in  the 


Gaseous  State  at  0°Iv. 

Compound 

//(»-alkyl  benzene)  —  i7(isomer) 

kcal./mole 

0.00 

2.821 

2.991 

2.853 

0.00 

0.560 

1.718 

2.217 

2.569 

4.283 

5.342 

5.569 

yi-i  ropyiuciiDcnc . 

lsopi  opyiueii^cuc . 

l  -lYxeLny  1  -A-cmy  i  uchdcuc . 

1  -iViGtny  1  -o-GUiy  l  UcIIdchc . 

l-JVlGtnyi"ii"Gtnyiucii^ciic . 

1 ,  J,o-l  rimetnyineiizune . 

1 , 2,4-1  rimetnyiDenzeiie . 

1 ,  i  y  5- 1  rimetnyioenzene . 

*  For  the  estimated  uncertainties  in  these  values,  see  Prosen,  Johnson,  and  Rossini  (34) 


straint  in  the  molecule  (as  produced  by  space  interference 
parts  of  the  molecule). 

(b)  Among  the  monoolefin  hydrocarbons,  that  isomer 


of  neighboring 
is  most  stable 
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with  regard  to  energy  content  which  has  the  double  bond  most  centralized 
in  the  molecule,  with  a  maximum  number  of  substituent  alkyl  groups  on 
the  carbon  atoms  forming  the  double  bond.  This  is  probably  also  true  of 
acetylene  hydrocarbons  having  one  triple  carbon-carbon  bond. 

(c)  Among  the  alkvl  benzene  hydrocarbons,  relatively  little  change  is 
produced  in  the  energy  content  on  shifting  the  relative  position  of  alkyl 
groups  attached  to  the  benzene  ring.  In  general,  for  the  same  total  number 
of  carbon  atoms  in  the  substituent  alkyl  groups,  greater  stability  with 
regard  to  energy  content  is  found  in  the  isomers  with  the  greater  number  ot 
substituent  groups.  Thus,  with  regard  to  energy  content,  the  trimethyl- 
benzenes  are  more  stable  than  the  methylethylbenzenes,  which  are  more 
stable  than  the  propylbenzenes.  Among  given  dialkyl  benzenes,  those  with 


TABLE  VI 

Heats  of  Isomerization*  of  Some  Alkyl  Cyclohexane  Hydrocarbons  in  the 


Gaseous  State  at  0°K. 

Compound 

//(«-alkyl  cyclohexane) 
—//(isomer) 

Ethyl  cyclohexane . 

kcal./mole 

0.00 

1.990 

.01 

1.97 

3.08 

1.12 

1.14 

3.05 

1, 1-Dimethylcyclohexane . 

cis-1 , 2-Dimethylcyclohexane . 

trans- 1 , 2-Dimethylcyclohexane . 

cis-1, 3-Dimethylcyclohexane . 

trans-l  ,3-Dimethylcyclohexane ... 

cis-1 ,4-Dimethylcvclohexane  . 

<rons-l,4-Dimethylcyclohexane 

- - - 

For  the  estimated  uncertainties  in  these  values,  see  Prosen,  Johnson,  and  Rossini  (29,45). 


1 ,3-substitution  are  more  stable,  and,  among  the  trialkvl  benzenes,  those 
vith  1 ,3,5-substitution  are  more  stable  with  regard  to  energy,  in  the  gase¬ 
ous  state  at  low  temperatures. 

(d)  Among  the  diolefins,  conjugation  of  the  double  bonds  produces 
g1  eat b  increased  stability  with  regard  to  energy  content. 


H  .  Evaluation  of  Free  Energies  of  Formation 

The  free  energy  function,  (F  -  B„)/T,  is  the  easiest  thermodynamic 
piopei  y  o  calculate  statistically  because  it  involves  only  the  simple 
partition  function.  For  a  gas  in  its  standard  state  one  has 

{F°  -  E°VT  ~  -  W/T  =  *(1  -  In  £U).  (107) 

Fin thei more  for  any  given  reaction,  one  can  calculate  A (F°  —  H°)/T 
as  the  sum  of  the  values  of  the  free  energy  function  for  the  products  of  the 
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reaction  less  the  sum  of  the  values  of  the  free  energy  function  for  the 
reactants : 


pT®)  -  £  -  £  (t^«) 


Further,  it  is  seen  that 


A  F°  A  m 


rp  J  p  p  * 

Combination  of  equations  48  and  109  gives 


(108) 


(109) 


Af”=  -R\nK  =  *B  +  JF°-m 


T 


T 


(110) 


The  value  of  A H°JT  for  any  reaction  is  obtained  from  the  value  of  A H° 
for  25°C.  corrected  to  0°K.  by  means  of  values  for  the  heat  content  at  25°C. 
referred  to  0°I\.  for  the  several  molecules  involved: 


A  HI  =  A  H°Mm  ~  A(//°298.i6  -  H°0)  (111) 


where,  as  usual, 

A(tf?98.16  -  HI)  =  Z  (#2°98.16  ~  H°0)  ~  E  (#2°98.16  ~  H°Q).  (112) 

products  reactants 


V.  Tables  of  Chemical  Thermodynamic  Data 


In  the  tables  of  Selected  Values  of  Properties  of  Hydrocarbons  (18,  35) 
issued  by  the  American  Petroleum  Institute  Research  Project  44  values 
are  given  for  the  following  thermodynamic  functions: 

_  HD/T,  the  heat  content  function 
(/r°  _  HD/T,  the  free  energy  function 
S°,  the  entropy 
PI°  _  HI,  the  heat  content 
Cp,  the  heat  capacity 

A///0,  the  heat  of  formation  from  the  elements 

A pf°  {Jig  free  energy  of  formation  from  the  elements 

log  A/,  the  logarithm  of  the  equilibrium  constant  of  formation  from 


the  elements.  „  .  _ 

In  the  tables  cited,  values  for  the  foregoing  functions  are  given  < 

function  of  temperature,  usually  0°  to  1500°K.,  for  the  following  hydro- 
carbons  in  the  gaseous  state,  as  of  October  31,  1948. 

Paraffins,  Ci  to  C8 ,  all  isomers. 

Monoolefins,  C2  to  C6 ,  all  isomers. 
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Diolefins,  C3  to  C6 ,  all  isomers. 

Acetylenes,  C2  to  C6 ,  all  isomers. 

Alkyl  cyclohexanes,  C6  to  Cg  ,  all  isomers. 

Alkyl  benzenes,  C6  to  C9 ,  all  isomers. 

Styrenes,  C8  and  C9 ,  all  isomers. 

Cyclopentene  and  cyclohexene. 

Normal  paraffins,  Ci  to  C20. 

Normal  monoolefins  (1-alkencs),  C2  to  C2o. 

Normal  acetylenes  (1-alkynes),  C2  to  C2o. 

Normal  alkyl  cyclopentanes,  C5  to  C2i. 

Normal  alkyl  cyclohexanes,  C6  to  C22. 

Normal  alkyl  benzenes,  C6  to  C22. 

In  addition  to  values  of  the  properties  listed  above,  the  tables  of  the 
American  Petroleum  Institute  Research  Project  44  also  give  values  for 
the  following  properties,  for  most  of  the  same  compounds: 

Heat  of  formation,  free  energy  of  formation,  and  entropy,  of  the  liquid, 
at  25°C. 

Heat  and  entropy  of  fusion. 

Heat  and  entropy  of  vaporization. 

Standard  heat,  entropy,  and  free  energy  of  vaporization  at  25°C. 

Heat  of  combustion,  of  the  gas  and  the  liquid,  at  25°C. 

VI.  Chemical  Equilibrium  among  Hydrocarbons  and  Related 

Compounds 

1.  REACTIONS  INVOLVING  02  ,  H2  ,  H20,  C,  CO,  C02  ,  AND  CH4. 

Wagman  et  al.  (36)  calculated  values  for  the  increment  in  heat  content, 
the  increment  in  free  energy,  the  logarithm  of  the  equilibrium  constant^ 
and  the  equilibrium  constant,  to  1500°K.,  for  the  following  reactions: 


C  (solid,  graphite)  +  C02  (gas)  =  2CO  (gas) 

(113) 

C  (solid,  graphite)  +  H20  (gas)  =  CO  (gas)  +  H2  (gas) 

(114) 

CO  (gas)  +  1/2  02  (gas)  =  C02  (gas) 

(115) 

CO  (gas)  +  H20  (gas)  =  C02  (gas)  +  H2  (gas) 

(116) 

CH4  (gas)  +  1/2  02  (gas)  =  CO  (gas)  +  2H2  (gas) 

(117) 

CH4  (gas)  +  C02  (gas)  =  2CO  (gas)  +  2H2  (gas) 

018) 

CH4  (gas)  +  H20  (gas)  =  CO  (gas)  +  3H2  (gas) 

(119) 

CH4  (gas)  +  2H20  (gas)  =  C02  (gas)  +  4H2  (gas). 

(120) 
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In  Fig.  1  are  plotted  the  values  of  the  logarithm  of  the  equilibrium  con¬ 
stant  for  these  reactions  (except  117)  and  for  the  following  reaction: 

C  (solid,  graphite)  +  2H2  (gas)  =  CH4  (gas).  (121) 


Fig.  1.  Plot  of  the  logarithm  of  the  equilibrium  constant  for  eight  reactions  in¬ 
volving  (h  H>  H2O,  C  (graphite),  CO,  CO2,  and  CH4 

The  scale  of  ordiAates  gives  the  logarithm  (to  the  base  10)  of  the  equilibria  com 
stant  log10  K,  for  the  given  reaction.  The  scale  of  abscissas  gives  the  temperature  in 
degrees  Kelvin.  The  curves  apply  to  the  following  reactions: 

(a)  C  (solid,  graphite)  +  C02  (gas)  =  2  CO  (gas) 

C  (solid,  graphite)  +  H20  (gas)  =  CO  (gas)  +  Ho  (gas) 

CO  (gas)  +  1/2  02  (gas)  =  CO2  (gas) 

CO  (gas)  +  HoO  (gas)  =  C02  (gas)  +  H2  (gas) 

CII.)  (gas)  -I-  CO2  (gas)  =  2  CO  (gas)  +  2H2  (gas) 

Clh  (gas)  +  H..O  (gas)  -  CO  (gas)  +  3H2  (gas) 

,B,  SJipUS 

(From  D-D.  Wagman,.).  E.  Kilpatrick  W  JJay,  or,  K.  8.  PRzer.and  F.  1).  Roas.n, 
./.  Research  Natl.  Bur.  Standards  34,  143  (1945)). 


(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 


2.  PARAFFINS 

Prosen  and  Rossini  (32).  Prosen  et  al.  (37,  38)  and  Fiber  and  Kilpatrick 
(30)  have  summarised  the  results  on  the  thermodynamic  properties  of  the 

PaR^ireh2dgKra^npiot  which  shows  the  thermodynamic  stability,  per 
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T#mp«rotUf# 


n0n"al  “  hydr0Carb°"8  *»  tb* 

n  is  deg.  mole  where 

K;  and  AFf°  is  the  standard  free  energy  of  formation  of  te™per?ture  m 

elements,  solid  carbon  (graphite)  and  gaseous  hXogL  The  scale'or/hsr  fr°m-the 
the  temperature  in  degrees  Kelvin  y  g  '  Lhe  scale  °f  abscissas  gives 

theTe“ments,SSf  the  .p“,cl,rbo'‘  »“>■».  with  respect  to 

the  zero  line  indicate  that  the  gaseous  hydrocarbon  in  it(fs?»nd°UY)atte'|I>0lntll  below 
dynamic  tendency  to  be  formed  from  solid  /<'rr<..u  .  n  its  standard  state  has  a  thermo- 
respective  standard  states  (graphite)  and  gaseous  hydrogen  in  their 

34,  403 U9J45T)rOSe K'  S'  ^ltzer'  and  F  D-  Rossini.  J.  Research  Natl.  Bur.  Standards 


state  as  a  function  of  the  temperature  he  Kaseo,u? 


390 


FREDERICK  D.  ROSSINI 


In  Figs.  3,  4,  5,  6,  and  7  are  plotted,  respectively  for  the  two  butanes, 
the  three  pentanes,  the  five  hexanes,  the  nine  heptanes,  and  the  eighteen 


Fig.  3.  Free  energy  of  isomerization  of  the  two  butanes. 

The  scale  of  ordinates  gives  the  value  of  A F°/T,  in  cal. /deg. mole,  for  the  isomeriza¬ 
tion,  n-C4H10  (gas)  =  i-C4H,0  (gas).  The  scale  of  abscissas  gives  the  tempera¬ 
ture  in  degrees  Kelvin.  ,  , 

(From  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research  Natl.  Bur.  Standards 

34,  403  (1945)). 
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TTir  4  Free  cnemv  of  isomerization  of  the  three  pentanes.  . 

(F?om  BK  J^rosen,  K.  S.  Pitzer,  and  F.  D.  Rossini, ./.  Research  Nad.  Bar.  Standards 
34,  403  (1945)). 

octanes,  the  values  of  £.F°/T,  as  a  function  of  the  temperature  T,  for 
the  reaction  of  isomerization  in  the  gaseous  state: 

n -Paraffin  (gas)  =  Isoparaffin  (gas).  (122) 
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Fig.  5.  Free  energy  of  isomerization  of  the  five  hexanes. 

The  scale  of  ordinates  gives  the  value  of  A F°/T,  in  cal./deg.  mole,  for  the  isomeriza¬ 
tion,  n-CeHu  (gas)  =  t-CeHu  (gas).  The  scale  of  abscissas  gives  the  temperature  in 
degrees  Kelvin. 

(P  rom  E.  J.  Prosen,  Iv.  S.  Pitzer,  and  F.  D.  Rossini, J .  Research  Natl.  Bur.  Standards 
34,  403  (1945)). 
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The  scaled  ordiifaTes  gKefthe  valuf ofAF'/T  *h°  n/n^  hePtanes 
erization,  n-C7H,6  (gas)  =  z-C7HI6  (gas)  The  scale ’nf1  c,f  ’^deg-  n?ole>  for  the  isom- 
ture  in  degrees  Kelvin.  '  Ahe  scale  of  abscissas  gives  the  tempera- 

34*403 U9J45».°Sen’  K'  S'  PltZGr’  and  F‘  D-  R°ssini,  J.  Research  Natl.  Bur.  Standards 
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Fig.  7.  Free  energy  of  isomerization  of  the  eighteen  octanes. 

The  scale  of  ordinates  gives  the  value  of  A F°/T,  in  cal. /deg.  mole,  for  the  isomeriza¬ 
tion,  n-C8H,8  (gas)  =  f-C8IIi8  (gas).  The  scale  of  abscissas  gives  the  temperature  in 
degrees  Kelvin. 

(From  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research  Natl.  Bur.  Standards 
34,  255  (1945)). 
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Ftr  S  Enuilibrium  concentrations  of  the  two  butanes 

The  scale  of  ordinates  mefsure»  ^  centigrade!'  The 

abscissas  gives  the  temperature  t.>nfnpr,.*ure  measures  the  mole  fraction  of  the 
vertical  width  of  a  band  at  a  eve"  0Se“i“omers,  in  the  gas  phase. 

F  '»•  Kossini,  J.  Research  Nall.  Bur.  Standard , 

34,  403  0945)). 


Ttmpefoturt  in 


Fig.  9.  Equilibrium  concentrations  of  the  three  pentanes. 

The  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  of 
abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade.  The 
vertical  width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the 
given  isomer  present  at  equilibrium  with  all  of  its  other  isomers,  in  the  gas  phase. 
(From  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini, ./.  Research  Natl.  Bur.  Standards 
34,  403  (1945)). 
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From  these  charts,  one  may  see  at  a  glance,  for  any  temperature  in  the  given 
range  and  within  the  limits  of  uncertainty  of  the  present  calculations, 
which  of  the  isomers,  for  any  given  number  of  carbon  atoms,  is  thermo¬ 
dynamically  the  most  stable  (lowest  value  of  A F°/T),  which  is  the  least 
stable  (highest  value  of  AF°/T),  and  the  order  of  stability  of  the  other 
isomers.  From  the  assigned  uncertainties  (37,  38)  it  follows  that  those 
isomers  having  at  some  given  temperature  values  of  A F°/T  that  differ 


Temperoiur#  .  h  *C. 


^  500  600  700  800  900  1000 

TtmptroltXt  in  K « 

Fig.  11.  Equilibrium  concentrations  of  the  nine  heptanes. 

The  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  ot 
abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade.  1  e 
vertical  width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the 
given  isomer  present  at  equilibrium  with  all  of  its  other  isomers,  in  the  gas  Phase. 
(From  E.  J.  Prosen,  K.  S.  Pitzcr,  and  F.  D.  Rossini,  J.  Research  Natl.  Bur.  Standards 

34,403  (1945)). 

by  less  than  the  uncertainty  are  ones  for  which  the  exact  order  of  stability 
cannot  be  stated  since  the  values  overlap.  In  such  cases,  the  amounts 

present  at  equilibrium  will  be  substantially  equal. 

In  Figs  8  9  10,  1 1 ,  and  12,  are  plotted,  as  a  function  of  the  temperature, 
the  amounts,  in  mole  fraction,  of  each  of  the  isomers  present  at  equilibrium 
with  all  its  other  isomers  in  the  gas  phase,  respectively  for  the  two  butanes 
the  three  pentanes,  the  five  hexanes,  the  nine  heptanes,  and  the  eightee 
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octanes.  The  vertical  width  of  each  band  gives  the  mole  fraction  for  that 
isomer  at  the  selected  temperature.  The  mole  fractions  of  the  several  iso¬ 
mers  are  plotted  additively,  so  that  their  sum  is  unity  at  all  temperatures. 
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,FiG;  12\  Equilibrium  concentrations  of  the  eighteen  octanes, 
the  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  of 
abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade.  The 
vertical  width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the 

fpVrnm1p^eyJreSenT^tae^\lbnUmjW^tli  a11  of  its  other  isomers,  in  the  gas  phase. 
34,  S  a9J45^r°Sen’  K'  S'  P  ’  and  1 ' 1  '  Rossini>'/-  Search  Natl.  Bur.  Standards 

With  regard  to  the  thermodynamic  stability  of  the  isomers,  among  the 
butanes,  pentanes,  hexanes,  heptanes,  and  octanes,  respectively,  the  fol¬ 
lowing  general  conclusions  may  be  drawn : 

At  25°C.,  the  normal  isomer  is  among  the  isomers  of  lesser  stability 

Relative  to  the  other  isomers,  the  normal  isomer  increases  in  stability 

with  increase  in  temperature,  and  at  1000°K.  is  among  the  most  stable  of 
the  isomers. 

(b)  At  25°C.,  the  2  2-dimethyl  isomer  is  among  the  most  stable  of  the 

atiaJoncV  Klpi  fh  ecomes  less  stable  with  increasing  temperature  and 
at  1000  K.  is  among  the  least  stable  of  the  isomers. 
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Fig.  13.  Thermodynamic  stability  of  the  1-alkene  hydrocarbons  in  the  gaseous 
state  as  a  function  of  temperature. 

The  scale  of  ordinates  gives  the  value  of  (1/n)  (A Ff°/T)  in  cal. /deg.  mole,  where  n 
is  the  number  of  carbon  atoms  per  molecule,  T  is  the  absolute  temperature  in  de¬ 
grees  Kelvin,  and  A Ff°  is  the  standard  free  energy  of  formation  of  the  hydrocarbon 
from  the  elements,  solid  carbon  (graphite)  and  gaseous  hydrogen.  The  scale  of  ab¬ 
scissas  gives  the  temperature  in  degrees  Kelvin. 

(From  J.  E.  Kilpatrick,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research  Nall. 
Bur.  Standards  36,  559  (1946)). 


TEMPERATURE  IN  *C. 

127  327  527  727  927  1127  1327 


Frr  14  Free  energy  of  isomerization  of  the  four  butenes. 

riG.  14.  rrecent-igj  ,  .rpo/m  :n  p..i  /4ee  mole,  for  the  isomeriza- 

tionof  l-butene^nUrtKe^ot^Msomers.^n^he/aseous  Lit.  as  indicated.  The  scale 
Bur.  Standards  36  ,  559  (1946)). 
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Fig.  15.  Free  energy  of  isomerization  of  the  six  pentenes. 

1  he  scale  of  ordinates  gives  the  value  of  AF°/Tm,  in  cal  ./deg.  mole,  for  the  isomer¬ 
ization  of  1-pentene  into  the  other  isomers,  in  the  gaseous  state,  as  indicated.  The 
scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin. 

(From  J.  E  Kilpatrick,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini,./.  Research  Natl. 
Bur.  Standards  36,  559  (1946). 
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(c)  The  more  highly-branched  isomers  are  among  the  least  stable  at 
the  higher  temperatures. 


TEMPERATURE  IN  *C. 


Fig  17.  Equilibrium  concentrations  of  the  four  butenes. 

The  scale  of  ordinates  measures  the  amount  in  mole  fraction  and  fhesca^ot 

Natl.  Bur.  Standards  36,  559  (1946)). 

3.  MONOOLEFINS 

Kilpatrick  el  al.  (40),  Prosen  and  Rossini  (33),  and  Kilpatrick  and 
Pitzer  (41)  have  summarized  the  results  on  the  thermodynamic  properties 

of  the  monoolefin  hydrocarbons.  i 

Figure  13  shows  the  thermodynamic  stability  of  the  1-alkenes  in 
caseous  state  as  a  function  of  temperature,  per  carbon  atom  and  wit 
respect  to  the  elements  solid  carbon  (graphite)  and  gaseous  hydroge  - 
This  plot  for  the  1-alkenes  may  be  compared  to  the  corresponding  one 

theinnFigsal14?if  and  10  are  plotted,  as  a  function  of  the  temperature  T, 
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respectively  for  the  four  butenes,  the  six  pentenes,  and  the  seventeen 
hexenes,  the  values  of  AF°/T  for  the  reaction  of  isomerization  in  the 
gaseous  state: 


1-Alkene,  normal  (gas)  =  Isomeric  Alkene  (gas). 


(123) 
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rpi  ,  F.ig-  Equilibrium  concentrations  of  the  six  pentenes. 

I  he  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  of 
abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade  TL I 
vertical  width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the 
phase ,IS°mer  prescnt  when  at  equilibrium  with  all  of  its  other  isomers, ‘in  thf  gas 

l/imeT’ K- s- KUer' and  F-  D-  Rossini' J- 

From  these  charts  one  may  see  at  a  glance,  for  any  temperature  in  the 
g  ven  range  and  within  the  limits  of  uncertainty  of  the  calculations,  which 

zst  -  -  ■*  « =£ 

In  Figs.  17,  18,  and  19  are  plotted,  as  a  function  of  temperature,  respee- 
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tively  for  the  four  butenes,  six  pentenes,  and  seventeen  hexenes,  the 
amounts,  in  mole  fraction,  of  each  of  the  isomers  present  at  equilibrium 
with  its  other  alkene  isomers  in  the  gas  phase.  The  vertical  width  of  each 
band  gives  the  mole  fraction  for  that  isomer  at  the  selected  temperature. 
The  mole  fractions  of  the  several  isomers  are  plotted  additivelv,  so  that 
their  sum  is  unity  at  all  temperatures. 


TEMPERATURE  IN  *C. 

27  127  227  327  427  527  627  727 


3-DIMETHYL-2 -BUTENE 
,3-DIMETHYL-l- BUTENE 
,3-DIMETHYL-l-BUTENE 

2-ETHYL-l- BUTENE 

TRANS-4-METHYL-2-PENTENE 

CIS-4-METHYL-2-PENTENE 

TRANS- 3- METHYL-2 -PENTENE 

CIS-3-METHYL-2-PENTENE 

2-  METHYL -2-PENTENE  ■ 

4-METHYL-l- PENTENE 

3 - METHYL -I- PENTENE 

2-METHYL-l-PENTENE 


TRANS-3-HEXENE 

CIS-3-HEXENE 


TRANS -2- HEXENE 

CIS-2-HEXENE 

l-HEXENE 


‘300400  500^  600  700  800  900  1000 

TEMPERATURE  IN  *K. 

Fig  19.  Equilibrium  concentrations  of  the  seventeen  hexenes 
The  scale  of  ordinVs  measures  the  amount  m  mole  fraetron  ®dtto  scale,..! 
abscissas  gives  the  temperature  in  degrees  Kj1™  the  mole  fraction  of  the 

h'  tHC  ~ 

h\aom  J.  E.  Kilpatrick,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research 
Natl.  Bur.  Standards  36,  559  (1946)). 

In  Fig.  2(1  are  plotted,  as  a  function  of  the  temperature  values  of  the 
logarithm  of  the  equilibrium  constant  for  the  react, on  of  ‘vdrogenatmn 
of  a  given  1-alkene  to  the  corresponding  normal  paraffin,  in  R- 

state : 

l-Alkene(gas)  +  Hz(gas)  =  n-Paraffin(gas)  < 1 24  f 

The  curves  show  the  change  in  the  value  of  the  logarithm  of  the  equi- 
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librium  constant  of  hydrogenation  with  increase  in  the  number  of  carbon 
atoms  in  the  molecule. 


TEMPERATURE  IN  'C. 


Fig.  20.  Logarithm  of  the  equilibrium  constant  for  the  reaction  of  hydrogenation 
of  1-alkenes  to  n-paraffins. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  the  reaction  of  hydrogenation  of  a  given  1-alkene  to  the 
corresponding  normal  paraffin,  in  the  gaseous  state.  The  scale  of  abscissas  gives  the 
temperature  in  degrees  Ke  vin.  The  values  calculated  for  propylene,  1 -butene,  and 
the  higher  1-alkenes  all  fall  within  the  width  of  the  heavy  line  indicated 

K  8- PiUer' and  *  D- Rossi"i’ J- Research 


In  Fig.  21  are  plotted,  as  a  function  of  temperature,  values  of  the  loga¬ 
rithm  of  the  equilibrium  constant  for  the  following  reactions  of  dimeri¬ 
zation  : 


2C2H4  (ethylene,  gas)  =  C4H8  (1 -butene,  gas) 
2C3Hfi  (propylene,  gas)  =  C6H]2  (1-hexene,  gas) 
2(  4II8  (1 -butene,  gas)  =  C8Hi6  (1-octene,  gas) 
2C'5H10  (1-pentene,  gas)  =  C10H2(,  (1-decene,  gas) 


(125) 

(126) 

(127) 

(128) 
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2CnH2n  ( 1-alkene,  normal,  gas)  —  C^nlbn  (1-alk*  ne,  normal,  gas); 
n  >  5. 


(129) 


TEMPERATURE  IN  °C. 

2  7  227  4  2  7  6  2  7  827  1027  1227 


Fig.  21.  Logarithm  of  the  equilibrium  constant  for  some  reactions  of  dimerization. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  some  reactions  of  dimerization  of  1-alkenes  to  1-alkenes,  in 
the  gaseous  state.  The  scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin. 
The  lowest  curve  shown  is  that  for  1-pentene  and  higher  1-alkenes.  . 

(From  J.  E.  Kilpatrick,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research 
Natl.  Bur.  Standards  36,  559  (1946)). 


In  Fig.  22  arc  plotted,  as  a  function  of  temperature,  values  of  the  loga¬ 
rithm  of  the  equilibrium  constant  for  the  following  reactions  of  alkylation, 
involving  the  addition  of  a  paraffin  to  a  monoolefin. 

Ethylene  (gas)  +  Isobutane  (gas)  =  2,3-Dimethylbutane  (gas)  (130) 

Propylene  (gas)  +  Isobutane  (gas)  =  2,3-Dimethylpentane  (gas)  (131) 


Isobutene  (gas)  +  Isobutane  (gas) 
(gas) 


2,2, 4-Trimethylpentane 

(132) 
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2-Methyl-2-butene  (gas) 
hexane  (gas). 


+  Isobutane  (gas)  —  2 , 2 , 5-1  rimethyl- 


(133) 


TEMPERATURE  -.IN  °C, 


TEMPERATURE  IN  °K. 

Fig.  22.  Logarithm  of  the  equilibrium  constant  for  some  reactions  of  alkylation. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the  equi¬ 
librium  constant  for  some  reactions  of  alkylation  (addition  of  an  olefin  to  a  paraffin  to 
form  a  paraffin),  in  the  gaseous  state.  The  scale  of  abscissas  gives  the  temperature  in 
degrees  Kelvin. 

(From  J.  E.  Kilpatrick,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini,  ./,  Research 
Natl.  Bur.  Standards  36,  559  (1946)). 

4.  ACETYLENES 

W  agman  cl  a.1.  (42)  have  summarized  the  results  on  the  thermodynamic 
properties  of  the  acetylene  hydrocarbons. 

Figure  23  shows  the  thermodynamic  stability  of  the  1-alkynes  in  the 
gaseous  state  as  a  function  of  the  temperature,  in  the  form  of  a  plot  of  the 
standard  free  energy  of  formation,  per  carbon  atom,  divided  by  the  absolute 
temperature.  This  plot  may  be  compared  with  the  corresponding  ones  for 
the  normal  paraffins  and  the  1-alkene  monoolefins. 

In  Figs.  24  and  25  are  plotted,  as  a  function  of  the  temperature,  the 


- k - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 _ k  I  I  1  1  1  I 

200  400  600  800  1000  1200  1400  1600 

TEMPERATURE  IN  "K. 

Fig.  23.  Thermodynamic  stability  of  the  1-alkyne  hydrocarbons  in  the  gaseous 
state  as  a  function  of  temperature. 

The  scale  of  ordinates  gives  the  value  of  (1  /n)  ( AFf°/T )  in  cal./deg.  mole,  where 
n  is  the  number  of  carbon  atoms  per  molecule,  T  is  the  absolute  temperature  in  de¬ 
grees  Kelvin,  and  AFf°  is  the  standard  free  energy  of  formation  of  the  hydrocarbon 
from  the  elements,  solid  carbon  (graphite)  and  gaseous  hydrogen.  The  scale  of  ab¬ 
scissas  gives  the  temperature  in  degrees  Kelvin.  Points  below  the  zero  line  indicate 
that  the  gaseous  hydrocarbon  in  its  standard  state  has  a  thermodynamic  tendency 
to  be  formed  from  solid  carbon  (graphite)  and  gaseous  hydrogen  in  their  respective 
standard  states. 

(From  D.  D.  Wagman,  J.  E.  Kilpatrick,  K.  S.  Pitzer,  and  F.  D.  Rossini, J.  Research 
Natl.  Bur.  Standards  35,  467  (1945)). 


404 


CHEMICAL  THERMODYNAMIC  EQUILIBRIA  AMONG  HYDROCARBONS  40u 


\  alues  of  A F°/T  for  the  isomerization  of  the  two  butynes  and  the  three 
pentynes,  respectively,  according  to  the  reaction: 

1-Alkyne,  normal  (gas)  =  Isomeric  alkyne  (gas).  (134) 

From  these  charts,  one  may  see  at  a  glance,  for  any  temperature  in  the 
given  range,  and  within  the  assigned  limits  of  uncertainty,  which  of  the 


Fig.  25.  Free  energy  of  isomerization  of  the  three  pentynes. 

The  scale  of  ordinates  gives  the  value  of  AF°/T,  in  cal/deg.  mole,  for  the  isomer¬ 
ization  of  1-pentyne  (gas)  into  the  appropriate  isomeric  pentyne  (gas).  The  scale  of 
abscissas  gives  the  temperature  in  degrees  Kelvin 

ivTVP'  D- Wagman  J  E.  Kilpatrick,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research 
Rati.  Bur.  Standards  35,  467  (1945)). 


isomers  is  thermodynamically  most  stable  (lowest  value  of  AF°/T)  and 
which  is  the  least  stable  (highest  value  of  A F°/T). 

In  Figs.  2C>  and  27  are  plotted,  as  a  function  of  temperature,  for  the 
butynes  and  pentynes,  respectively,  the  amounts,  in  mole  fraction  of  each 
of  the  isomers  present  when  at  equilibrium  with  its  other  acetylene  isomers 
m  the  gas  phase.  The  vertical  width  of  each  band  gives  the  mole  fraction 
tor  that  isomer  at  the  selected  temperature.  The  mole  fractions  of  the 

several  isomers  are  plotted  additively,  so  that  their  sum  is  unity  at  all 
temperatures.  J 

In  Figs.  28,  29,  30  and  31  are  plotted  as  a  function  of  temperature,  for 
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Fig.  28.  Logarithm  of  the  equilibrium  constant  of  formation  of  ethane,  ethylene, 
and  acetylene. 

The  scale  of  ordinates  gives  the  logarithm  (to  the  base  10)  of  the  equilibrium  con¬ 
stant  of  formation  of  the  hydrocarbons  in  the  gaseous  state  from  the  elements  solid 
carbon  (graphite)  and  gaseous  hydrogen,  with  each  substance  in  its  thermodynamic 
standard  state.  The  scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin  and 
degrees  centigrade. 

(From  D.  D.  Wagman,  J.  E.  Kilpatrick,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research 
Natl.  Bur.  Standards  35,  467  (1945)). 


TEMPERATURE  IN  *C. 

127  327  527  727  927  1127  1327 


pyiene',  S'd  propyne”  °f  equilibriura  conston‘  formation  of  propane,  pro- 
Natl.  Bur.  Standards  35,  467  (1945)).  ’  ’  '  Pltzer»  anci  F*  Rossini,  J .  Research 
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Fig.  30.  Logarithm  of  the  equilibrium  constant  of  formation  of  n-butane,  1- 
butene,  and  1-butyne. 

The  scale  of  ordinates  gives  the  logarithm  (to  the  base  10)  of  the  equilibrium  con¬ 
stant  of  formation  of  the  hydrocarbons  from  the  elements  solid  carbon  (graphite) 
and  gaseous  hydrogen,  with  each  substance  in  its  thermodynamic  standard  state. 
The  scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centi¬ 
grade. 

(From  D.  D.  Wagman,  J.  E.  Kilpatrick,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J .  Research 
Natl.  Bur  Standards  35,  467  (1945)). 


TEMPERATURE  IN  *C. 

127  327  527  727  927  1127  1327 


Fig.  31.  Logarithm  of  the  equilibrium  constant  of  formation  of  n- pentane,  1- 
pentene,  ami  1  b  ^  gives  the  logarithm  (to  the  base  10)  of  the  equilibrium  con- 

fProm  D.  D.  Wagman.  J.  E.  Kilpatrick,  K.  S.  Pitzer,  and  F.  D.  Rossini ,  J.  Research 
Natl.  Bur.  Standards  35,  467  (1945)). 
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the  C2 ,  C3 ,  C4 ,  and  C6  hydrocarbons,  respectively,  values  of  logw  Kf,  the 
logarithm  (to  the  base  10)  of  the  equilibrium  constant,  ol  the  reaction  of 
forming  the  given  hydrocarbon  in  its  standard  gaseous  state  from  the 
elements  solid  carbon  (graphite)  and  gaseous  hydrogen  according  to  the 


TABLE  VII 


Ranges  of  Temperature  in  which,  for  Molecules  of  the  Same  Number  of 
Carbon  Atoms,  the  Normal  Paraffin,  1-Alkene,  and  1-Alkyne  Hydrocar¬ 
bons,  C2  to  Cs,  are  Relatively  most  Stable  in  the  Presence  of  Hydrogen, 
with  each  Substance  in  its  Thermodynamic  Standard  State. 


«-Paraffin 

1-Alk.ene 

l-Alkyne 

Number 

Range  of  temperature* 

of  C  atoms 

°K. 

°C. 

°K. 

°C. 

°K. 

°C. 

Below 

Between 

Above 

c* 

1065 

792 

1065-1390 

792-1117 

1390 

1117 

C3 

930 

657 

930-1350 

657-1077 

1350 

1077 

C4 

935 

662 

935-1350 

662-1077 

1350 

1077 

c5 

915 

642 

915-1350 

642-1077 

1350 

1077 

‘Temperatures  rounded  to  the  nearest  5°K. 


following  equations,  for  the  paraffin,  olefin,  and  acetylene  series,  re¬ 
spectively  : 

nC  (solid,  graphite)  +  (n  +  1)  H2(gas)  =  C„H2n+2  (gas,  normal 

paraffin)  (135) 

nC  (solid,  graphite)  +  n  H2(gas)  =  C„H2„  (gas,  1-alkene)  (136) 

nC  (solid,  graphite)  +  (n  -  1)  H2(gas)  =  C„H2n_2  (gas,  1-alkyne).  (137) 

ihe  differences  in  the  values  of  the  ordinates  of  any  given  pair  of  curves 
in  Figs.  28,  29,  30,  and  31  give  the  value  of  the  logarithm  of  the  equilibrium 
constant  for  the  appropriate  reaction  of  hydrogenation  or  dehydrogenation. 

4  he  plots  in  Figs.  28,  29,  30,  and  31  show,  for  molecules  of  the  same  num¬ 
ber  of  carbon  atoms,  the  ranges  of  temperature  in  which  the  normal  paraffin, 
1-alkene,  and  1-alkyne  hydrocarbons  are  relatively  most  stable  (highest 
value  of  log  Kf)  in  the  presence  of  hydrogen,  with  each  substance  (includ¬ 
ing  the  hydrogen)  in  its  thermodynamic  standard  state  of  unit  fugacity  of 
1  atmosphere.  These  ranges  of  temperature  are  given  in  Table  VI I  in 
degrees  Kelvin  and  Centigrade,  and  are  important  in  the  analysis  of  any 
process  involving  hydrogenation  or  dehydrogenation  of  these  molecules.  ‘ 


TEMPERATURE  IN  °C. 


Fig.  32.  Thermodynamic  stability  of  the  normal  alkyl  benzenes  in  the  gaseous 
state  as  a  function  of  temperature. 

The  scale  of  ordinates  gives  the  value  of  (1  /n)  ( AFf°/T )  in  cal. /deg.  mole,  where 
n  is  the  number  of  carbon  atoms  per  molecule,  T  is  the  absolute  temperature  in  de¬ 
grees  Kelvin,  and  A Ff°  is  the  standard  free  energy  of  formation  of  the  hydrocarbon 
from  the  elements,  solid  carbon  (graphite)  and  gaseous  hydrogen,  all  at  the  given 
temperature.  The  scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin. 
(From  W.  J.  Taylor,  D.  D.  Wagman,  M.  G.  Williams,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
J .  Research  Natl.  Bur.  Standards  37,  95  (1946)). 


TEMPERATURE  IN  °C. 

127  327  527  727  927  1127 


Fig  33.  Free  energy  of  isomerization  of  the  CsHio  alkyl  benzenes. 

The  scale  of  ordinates  gives  the  value  of  A F°/T,  in  cal. /deg.  mole, pfoJ J^dTcated* 
ization  of  ethylbenzene  into  the  other  isomers,  in  the  gaseous  state,  as  indicated. 

The  scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin  Rossini 

(From  W.  J.  Taylor,  D.  D.  Wagman,  M.  G.  Williams,  Iv.  S.  Pitzer,  and  F.  D.  Kossin  , 
J.  Research  Natl.  Bur.  Standards  37,  95  (1946)). 

410 


CHEMICAL  THERMODYNAMIC  EQUILIBRIA 


AMONG  HYDROCARBONS  411 


5.  ALKYL  BENZENES 

Taylor  et  al.  (43)  and  Prosen  et  al  (34)  have  summarized  the  results  on 
the  thermodynamic  properties  of  the  alkyl  benzenes. 

Figure  32  shows  the  thermodynamic  stability  of  the  normal  alkyl  ben¬ 
zenes  in  the  gaseous  state  as  a  function  of  the  temperature,  in  the  form  of  a 
plot  of  the  standard  free  energy  of  formation,  per  carbon  atom,  divided  by 
the  absolute  temperature.  This  plot  may  be  compared  with  the  correspond- 


TEMPERATURE  IN  'C. 


Pig.  34.  Free  energy  of  isomerization  of  the  C9H12  alkyl  benzenes. 

The  scale  of  ordinates  gives  the  value  of  AF°/T,  in  cal./deg.  mole,  for  the  isomer- 
lzatmn  of  n-propylbenzene  into  the  other  isomers,  in  the  gaseous  state,  as  indicated 
ihe  scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin. 

(From  W.  J.  Taylor,  D.  D.  Wagman,  M.  G.  Williams,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
J .  Research  Natl.  Bur.  Standards  37,  95  (1946)). 


ing  ones  for  the  normal  paraffins,  the  1-alkene  monoolefins,  and  the  1-alkyne 
acetylenes. 

In  Figs.  33  and  34  are  plotted,  as  a  function  of  the  temperature,  the 
values  of  AF°/T  for  the  isomerization  of  the  C8H10  and  C9H12  alkyl  benzenes 
according  to  the  reactions : 


Ethylbenzene  (gas)  —  Isomeric  alkyl  benzene  (gas) 
n-Propylbenzene  (gas)  =  Isomeric  alkyl  benzene  (gas). 


(138) 

(139) 
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1'  rom  these  plots,  one  may  see  at  a  glance,  for  any  temperature  in  the 
given  range,  and  within  the  assigned  limits  of  uncertainty,  which  of  the 
isomers  is  thermodynamically  most  stable  (lowest  value  of  A F°/T)  and 
which  is  the  least  stable  (highest  value  of  AF°/T). 

In  bigs.  3o  and  36  are  plotted,  as  a  function  of  temperature,  for  the 
CsHio  and  the  C9H12  alkyl  benzenes,  respectively,  the  amounts,  in  mole 


TEMPERATURE  IN  *C. 


Fig.  35.  Equilibrium  concentrations  of  the  C3H10  alkyl  benzenes. 

The  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  oi 
abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade.  1  he 
vertical  width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the 
given  isomer  present  when  at  equilibrium  with  all  of  its  other  isomers,  in  the  gas 

(From  W.  J.  Taylor,  D.  D.  Wagman,  M.  0.  Williams,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
./.  Research  Nail.  Bur.  Standards  37,  95  (1946)). 

fraction  of  each  of  the  isomers  present  at  equilibrium  with  its  other  isomers 
in  the  gas  phase.  The  vertical  width  of  each  band  gives  the  mole  fraction 
for  that  isomer  at  the  selected  temperature.  The  mole  fractions  of  the 
several  isomers  are  plotted  additively  so  that  their  sum  is  unity  at  all 

temperatures.  .  „  ,  „Qi,lp<j 

In  Figs.  37,  38,  and  39,  are  plotted  as  a  function  oi  temperatuie, 


TEMPERATURE  IN  *C. 


Fig.  36.  Equilibrium  concentrations  of  the  C9H12  alkyl  benzenes. 

The  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  of  ab¬ 
scissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade.  The  vertical 
width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the  given 
isomer  present  when  at  equilibrium  with  all  of  its  other  isomers,  in  the  gas  phase. 
(From  W.  J.  Taylor,  D.  D.  Wagman,  M  G.  Williams,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
J .  Research  Natl.  Bur.  Standards  37,  95  (1946)). 
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equilibrium  constant  for  some  reactions  of  alkvl^t*  °g?r^r?}  (to,the  base  10)  of  the 
to  form  an  alkyl  benzene),  in  the  gaseous  state  The  (a(jdltlfon.  of  ,an  olefin  to  benzene 
(From  W*  J  tS  T*  degrees  centigrade.  abscissas  gives  the  tem- 

J.  Research  Natl.  °Bur.  Standards  37,  95  (Jg^j)118,1118’  K'  S‘  Pitzer>  and  P.  D.  Rossini, 
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of  the  logarithm  of  the  equilibrium  constant  for  some  reactions  of  alkyla¬ 
tion  (addition  of  an  olefin  to  benzene  to  form  an  alkyl  benzene),  cyclization 
(conversion  of  normal  paraffin  to  alkyl  benzene  plus  hydrogen),  and  tri- 
merization  (of  acetylene  to  benzene  and  of  methylacetylene  to  1,3,5-tri- 
methylbenzene),  for  the  following  reactions: 


Alkylation 

Benzene  (gas)  +  Ethylene  (gas)  =  Ethylbenzene  (gas)  (140) 

Benzene  (gas)  +  Propylene  (gas)  =  n-Propylbenzene  (gas)  (141) 

Benzene  (gas)  +  Propylene  (gas)  =  Isopropylbenzene  (gas)  (142) 

Benzene  (gas)  +  C„H2n  (1-alkene,  normal,  gas)  = 

Alkyl  benzene  (gas) ;  n  >  3  (143) 

Cyclization 

n-Hexane  (gas)  =  Benzene  (gas)  +  Hydrogen  (gas)  (144) 

n-Heptane  (gas)  =  Toluene  (gas)  +  Hydrogen  (gas)  (145) 

n-Octane  (gas)  =  Ethylbenzene  (gas)  +  Hydrogen  (gas)  (14G) 

n- Nonane  (gas)  =  w-Propylbenzene  (gas)  +  Hydrogen  (gas)  (147) 


n-Paraffin  (gas)  =  n-Alkyl  benzene  (gas)  +  Hydrogen  (gas)- 
above  nonane 


Trimerization 

Acetylene  (gas)  =  Benzene  (gas) 

Methylacetylene  (gas)  =  1,3,5-Trimethylbenzene  (gas). 


(149) 

(150) 


on 


O.  ALKYL  CYCLOPENTANES 

Kilpatricl;  eld.  (44)  and  Prosen  el  a l.  (29)  have  summarized  the  results 
i  the  thermodynamic  properties  of  the  alkyl  eyelopentane  hydrocarbons, 
igure  40  shows  the  thermodynamic  stability  of  the  normal  alkyl  cyclo- 

a Xt  o?th  f  Se,°HS,fte  as  a  function  °f  ^  temperature,  in  the  form 

In  ti  e  T  f  a1dard  frCe  enCTgy  °f  formation.  Per  carbon  atom,  divided 
by  the  absolute  temperature.  This  plot  may  be  compared  with  the 

correspondmg  ones  for  the  normal  paraffins,  the  1-alkene  monootfins 
alkyne  acetylenes,  and  the  normal  alkyl  benzenes  ’ 

Figure  41  gives  a  plot  of  the  logarithm  of  the  equilibrium  constant,  as  a 
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function  of  the  temperature,  for  the  following  reactions  of  cyclization  of 
normal  paraffins  to  normal  alkyl  cyclopentanes: 

n-Pentane  (gas)  =  Cyclopentane  (gas)  +  Hydrogen  (gas)  (151) 

n- Hexane  (gas)  =  Methylcyclopentane  (gas)  +  Hydrogen  (gas)  (152) 


TEMPERATURE  IN  #C. 

0  200  400  600  800  1000  1200 


Fig.  40.  Thermodynamic  stability  of  the  normal  alkyl  cyclopentanes  in  the 

gaseous  state  as  a  function  of  temperature.  .  .  , 

The  scale  of  ordinates  gives  the  value  of  (1/n)  .(A Ff  /T)  in  cal. /deg.  mole,  where 
n  is  the  number  of  carbon  atoms  per  molecule,  T  is  the  absolute  temperature  111  de¬ 
grees  Kelvin,  and  A Ff°  is  the  standard  free  energy  of  formation  of  the  hydrocarbon 
from  the  elements,  solid  carbon  (graphite)  and  gaseous  hydrogen.  The  scale  of  ab¬ 
scissas  gives  the  temperature  in  degrees  Kelvin.  Points  below  the  zero  line  indicate 
that  the  gaseous  hydrocarbon  in  its  standard  state  has  a  thermodynamic  tendency 
to  be ^formed  from  solid  carbon  (graphite)  and  gaseous  hydrogen  in  their  respective 

(Fro  of Kilpatrick,  H.  G.  Werner,  C.  W  Beckett,  K.  S.  Pitrer,  and  F.  D.  Rossini, 
J.  Research  Natl.  Bur.  Standards  39,  523  (1947)). 


n-Heptane  (gas)  =  Ethyl  cyclopentane  (gas)  +  Hydrogen  (gas)  (153) 

n-Paraffin  (gas)  =  n-Alkyl  cyclopentane  (gas)  +  Hydrogen  (gas): 

for  n-Octane  and  higher.  0  ' 


Figure  42  gives  a  plot  of  the  logarithm  of  the  equilibrium  constant,  as  a 
function  of  the  temperature,  for  the  following  reactions  of  hydrogenation 
of  normal  alkyl  benzenes  to  normal  alkyl  cyclopentanes: 

Benzene  (gas)  +  Hydrogen  (gas)  =  Methylcyclopentane  (gas)  (155) 
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TEMPERATURE  IN  »C. 


Fig.  43.  Logarithm  of  the  equilibrium  constant  for  the  reaction  of  cyclization  of 
1-alkene  monoolefins  to  normal  alkyl  cyclopentanes. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  the  reaction  of  cyclization  of  a  given  1-alkene  monoolefin 
to  the  corresponding  normal  alkyl  cyclopentane,  in  the  gaseous  state.  The  scale  of 
abscissas  gives  the  temperature  in  degrees  Kelvin.  1  he  values  for  the  formation  of 
methylcyclopentane,  ethylcyclopentane,  and  higher  normal  alkyl  cyclopentanes  all 

fall  within  the  width  of  the  heavy  line.  T;r  _  __  ,  „  ~  •  ■ 

(From  J.  E.  Kilpatrick,  H.  G.  Werner,  C.  W.  Beckett,  K.  S.  Pitzer,  and  F.  D.  Rossini, 

J.  Research  Natl.  Bur.  Standards  39,  523  (1947)). 


Toluene  (gas)  +  Hydrogen  (gas)  =  Ethylcyclopentane  (gas)  (156) 

Ethylbenzene  (gas)  +  Hydrogen  (gas)  =  n-Propylcyclopentane 

(gas)  (157) 

-Propylbenzene  (gas)  +  Hydrogen  (gas)  =  ft-Butylcyclo- 
pentane  (gas) 

-Alkyl  benzene  (gas)  +  Hydrogen  (gas)  =  n-Alkyl  cyclopentane 

(gas) ;  for  n-Butylbenzene  and  higher.  (lDjJ 

Figure  43  gives  a  plot  of  the  logarithm  of  the  equilibrium  constant,  as  a 


ft 


ft 


(158) 
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TEMPERATURE  IN  *C. 


TEMPERATURE  IN  *K. 

Fig.  44.  fhermodynamic  stability  of  the  normal  alkyl  cyclohexanes  in  the  gaseous 
state  as  a  function  of  temperature. 

The  scale  of  ordinates  gives  the  value  of  (1  /n)  (A Ff°/T)  in  cal./deg.  mole,  where 
"  „  *  rr  1?u.mber  ^fAc,^b?n^toms  P^r  molecule,  T  is  the  absolute  temperature  in  de- 
frnm/hp  an+  th<(  standard  free  energy  of  formation  of  the  hydrocarbon 

om  the  elements,  solid  carbon  (graphite)  and  gaseous  hydrogen.  The  scale  of  ab- 

thnt  the  t,em.Perat\ire  la  degrees  Kelvin.  Points  below  the  zero  line  indicate 

t n  ga^f ? US  hvd/:°carb°n  m.  lts  standard  state  has  a  thermodynamic  tendency 
standardises?™  S°  ^  Carbon  (§raPhite)  and  gaseous  hydrogen  in  their  respective 

F- D- Rossini’ 


function  of  the  temperature,  for  the  following  reactions  of 
1-alkene  monoolefins  to  normal  alkyl  cyclopentanes: 

1-Pentene  (gas)  =  Cyclopentane  (gas) 

1 -Hexene  (gas)  =  Methylcyclopentane  (gas) 

1-Heptene  (gas)  =  Ethylcyclopentane  (gas) 


cyclization  of 


(ICO) 

(161) 

(162) 


1A‘hlgherSaS)  =  Cyclopentane  fe»)i  for  1-octene  and 

(163) 
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7.  ALKYL  CYCLOHEXANES 

Kilpatrick  el  al.  (44)  and  Prosen  et  al.  (29,  45)  have  summarized  the 
lesults  on  the  thermodynamic  properties  of  the  alkyl  cyclohexane  hydro¬ 
carbons. 

Figure  44  shows  the  thermodynamic  stability  of  the  normal  alkyl  cyclo¬ 
hexanes  in  the  gaseous  state  as  a  function  of  the  temperature,  in  the  form 
of  a  plot  of  the  standard  free  energy  of  formation,  per  carbon  atom,  divided 


TEMPERATURE 
200  400  600 


1,1-  DIMETHYLCYCLOHEXANE 
CIS-1, 4-DIMETHYLCYCLOHEXANE 
CIS-1, 2-DI  ME  THYLCYCLOHEXANE 
TRANS-1, 4-DIMETHYLCYCLOHEXANE 
TRANS-I.2-DIMETHYLCYCLOHEXANE 
TRANS-1,3-  DIMETHYLCYCLOHEXANE 
CIS-1, 3-DIME  THYLCYCLOHEXANE 
ETHYLCYCLOHEXANE 


600  600  1000  1200 
TEMPERATURE  IN  "K 


1600 


Fig  45.  Free  energy  of  isomerization  of  the  eight  CsIIi6  alkyl  cyclohexanes. 
The  scale  of  ordinates  gives  the  value  of  AF°/T,  \n  cal. /deg.  mole,  for  the  isomer¬ 
ization  of  ethylcyclohexane  into  the  other  isomers,  in  the  gaseous  state,  as  indicated. 
The  scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin. 

(From  J.  E.  Kilpatrick,  II.  G.  Werner,  C.  W.  Beckett,  K.  S.  Pitzer,  and  F.  D.  Rossini, 

./.  Research  Natl.  Btir.  Standards  39.  523  (1947)). 

by  the  absolute  temperature.  This  plot  may  be  compared  with  the  corre¬ 
sponding  ones  for  the  normal  paraffins,  the  1-alkene  monoolefins,  the 
1-alkyne  acetylenes,  the  normal  alkyl  benzenes,  and  the  normal  alkyl  cyclo- 

^InFigds  is  plotted,  as  a  function  of  the  temperature,  the  values  of  A  F°/T 
for  the  isomerization  of  the  C,Hlt  alkyl  cyclohexanes,  accordmg  to  the 

reaction 

Ethylcyclohexane  (gas)  =  Dimethylcyclohexane  (gas).  (1G4) 


CHEMICAL  THERMODYNAMIC 


equilibria  among  hydrocarbons  421 


N  '  NOIlOVdd  310W 


o 

o 

CO 


o 

o 

V 


o 

o 

CJ 


o 

o 

o 


TO  C3 

<v  55 
8  > 
bfi’Sb 

<D 

fl  +* 


•  »  CQ 

.  TO  • 


O 


o 

•  CQ  i— h 

c3  c3 
co 
co 


<D 


c3  -+-> 

J-i  o 

a>  c3 

CU  *r 
a 

©  © 
o 

©  a 

■5  © 

CO  ^ 
Qj  CQ  ^ 
OP 

>  CO 

^  a> 


a 

>1 

o 

a 

u 

© 


a 

c3. 


u)  f- 
CC  Tj< 

g  <  d 

®  t  rH  X  he  s-c 

UJ  U  ©  - 

Q-  -3 

0  5  O 

O  uj 

CP  I— 


G 

03  2 
o3  3 
to  4; 


© ' 

a 

03 
X, 

•  © 

"  g  O 
co  7; 
m„©  5. 

*o  3.0 

*  K^-+^  ii: 

2  O  O-fl 
^  _  c3  ^ 

bda,0M 

-§  *3-3  3 

K  -3  ^  o3 
rj  o3  s_,  O  © 
£3  O  03 -S 
H  «*-.  hj 
*-«  (D 

!§!h| 

to  o  w 

.  %  Q 

O  cS 

O  -4^ 

a" 

G 


CO 


CO 


o 

o 

*• 


o 

s 


>>.; .  „ 
o  o 
_  a  o 

04  08 


~  co 

c  a 

■$  2 
e-~ 


e 

2  a: 

®$  g 


t- 

a  .  i-i 
„  ^  -s  o 

OS'**  c3  ©  la  ffl 
„  o  u,  to.„-  **  J= 
2  ©  o3  C  u-,  5 

hH  ©  0<Xi -3  O 

g  a® 


O 

+o 

-a 


o3 
© 
to 

—  43 

M-a 

•S’*3 

o)  T5 

fl 

7>  c3 


(D 

a 

c3 
to  © 

g  Ja 
o  o 

43  42 
CO  © 

<2  >5 

as  “Jg 
o*  ©  >> 
43  —  a. 
o 

a  ia 

a, 

©  a 

a  - 

03  © 

x  a 

©  o3 


o  fl 
to  o  _, 
a  -43^ 

°  ©  s 

•-  o3  © 


to  a  © 

.2  ®  9  2 

c3K-43  4T 
fi  M  .  g  _  „ 
©  03  Q  2  a3  x 
>  21-'  ©  o  © 

.-■5-  C3  C0--HJ3 

oS  ©  o 
es  2^  o'© 

„  a ««  ©  >. 

«S 
a  S-2 


c3 


© 


fc,-D  co 

^  c3  u 
©^  ©02 
o  o  -a 


t~ 

Tt< 

03 


co 

(N 

1C 

03 

CO 

00 

73 

e 

73 

s 

e 

co 

k 

«5 


Q 

co 

ft? 


CO 

CO 

o 

PH 


G 


~ 

a> 

esj 

-f-> 


O 

o 

-r 


o 

o 

C\J 


S.t3tS  ^"3  ° 

^^aas 

■  t-a 

©.'SS’O 

h+3  cj  bc^ 

2C  1  - 

a 

n-2  ^  © 
o  a 


,  h 


a  «-a 

O  _  i?  —  ^  m 

©  a  ^  ^  q 

_, •£  .Th  ©  '*-' ' 

S  *3  ^  0_,  ^5  © 

a  a^  ©  G:a 

r  a  s _ cs  ^ 

_o  o  oaffl+3<« 

ra  a  V3  ”  -  00  ° 


.co 
©  . 
a 


4-T  kh  - 

O  .^H 

-•  '-a 
d  • 


o 

o  CJ 
o  a: 
~  3 


©X!^ 


cr1  © 


M  O 

a 

o  © 

©  a 


a.© Ja  g 

©  S  ©« 

t- 


2  eg 

LU  “ 

CL 

2  o 

U  r; 

h 


o 

o 

CD 


^  ^  L-3 

52  ©H  g  g'n  ©  o 

^2  .2  gja^©3 

d  b  ©  i;.®"  „  a 


.  a -a  - 

.  w  >^.  - 
c3  ©  © 
>a3^s  — 

'  H-o 


,o 


© 

“3"ti  ©hHja  ©  d. “ ^3  • 

“*tiW-:S-2-3£.|W 


oj  ©  03 


73 

t-. 

O 


Oaj  «<-i  03 

©  a  ©  °.S 
©  2  a  a  73 
©aa-^  2  a 

a  >  os  a.  0 
hfl  p  D,*3 

©  l~~4  Vh  ' 

a  flij  cj  ° 

©  l— l  bfi 


h-  a 


O  - 
73  73  TO 
C3  rl 
O  M 
TO 


>  a 


a 


©  c 
43  ’£ 


©U1k4  g  o3  ‘ 
^(4  «  o 

©  g^  2  a 


drt^  - 

p>23  .£  o  ^ 

"©  o  r*H  2  ^  '-+3  © 
^  rt 


S'"  03 

o7  a 

c3  ^2 

©  . 
©  §ui 

a  ©^ 
©■©  S 

I  _  «  2 


422 


FREDERICK  D.  ROSSINI 


1'  rom  this  plot,  one  may  see  at  a  glance,  for  any  temperature  in  the  given 
range,  and  within  the  assigned  limits  of  uncertainty,  which  of  the  isomers 
is  thermodynamically  most  stable  (lowest  value  of  AF°/T)  and  which  is  the 
least  stable  (highest  value  of  A F°/T). 


TEMPERATURE  IN  °C. 

0  200  400  600  800  1000  1200 


Fig.  48.  Logarithm  of  the  equilibrium  constant  for  the  reaction  of  conversion  of 
normai  alkyl  cyclohexanes  to  normal  alkyl  cyclopentanes. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  oi  the 
equilibrium  constant  for  the  reaction  of  conversion  of  a  given  normal  alkyl  cyclo¬ 
hexane  to  the  corresponding  normal  alkyl  cyclopentane,  in  the  gaseous  state,  the 
scale  of  abscissas  gives  the  temperature  in  degrees  Kelvin. 

(From  J.  E.  Kilpatrick,  H.  G.  Werner,  C.  W.  Beckett,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
J.  Research  Natl.  Bur.  Standards  39,  523  (1947)). 


In  Fig.  40  is  plotted,  as  a  function  of  the  temperature,  for  the  C8Hi6 
alkyl  cyclohexanes,  the  amounts,  in  mole  fraction,  of  each  of  the  isomers 
present  at  equilibrium  with  its  other  isomers  in  the  gas  phase.  The  verti¬ 
cal  width  of  each  band  gives  the  mole  fraction  for  that  isomer  at  the  selected 
temperature.  The  mole  fractions  of  the  several  isomers  are  plotted  addi- 

tively  so  that  their  sum  is  unity  at  all  temperatures. 

Figure  47  gives  a  plot  of  the  logarithm  of  the  equilibrium  constant,  as  a 
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TEMPERATURE  IN  °C. 


Fig.  49.  Logarithm  of  the  equilibrium  constant  for  the  reaction  of  hydrogenation 
of  normal  alkyl  benzenes  to  normal  alkyl  cyclohexanes. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  the  reaction  of  hydrogenation  of  a  given  normal  alkyl  ben¬ 
zene  to  the  corresponding  normal  alkyl  cyclohexane  in  the  gaseous  state.  The  scale 
°f  abscissas  gives  the  temperature  in  degrees  Kelvin.  The  upper  curve  is  that  for 
the  h^  drogenation  of  benzene  and  the  lower  curve  is  for  the  hydrogenation  of  n- 
butylbenzene  n-pentylbenzene,  and  the  higher  normal  alkyl  benzenes.  The  curves 
tor  toluene,  ethylbenzene,  and  n-propylbenzene  are,  in  order,  between  the  two  curves 

t  m  J‘  Khpatnck  H.  G‘  Werner»  C.  W.  Beckett,  K.  S.  Pitzer,  and  F.  D.  Rossini 
J.  Research  Natl.  Bur.  Standards  39,  523  (1947)). 


function  of  the  temperature,  for  the  following  reactions  of  cyclization  of 
normal  paraffins  to  normal  alkyl  cyclohexancs: 


a- Hexane  (gas)  —  C  yclohexane  (gas)  +  Hydrogen  (gas) 

n-Heptane  (gas)  =  Methylcyclohexane  (gas)  +  Hydrogen  (g; 

n-Octane  (gas)  =  Ethylcyclohexane  (gas)  +  Hydrogen  (gas) 

n- Paraffin  (gas)  =  n-Alkyl  cyclohexane  (gas)  +  Hydrogen  (ga 
lor  n-Nonane  and  higher. 


(165) 

(166) 

(167) 

(168) 
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TEMPERATURE  IN  *C. 


Fig.  52.  Equilibrium  concentrations  of  the  seven  pentadienes. 

The  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  of 
abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade.  The 
vertical  width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the 
given  isomer  present  at  equilibrium  with  all  of  its  other  isomers  in  the  gaseous  state. 
(From  J.  E.  Kilpatrick,  C.  W.  Beckett,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
J.  Research  Natl.  Bur.  Standards  42,  225  (1949)). 


Figure  48  gives  a  plot  of  the  logarithm  of  the  equilibrium  constant,  as  a 
function  of  the  temperature,  for  the  following  reactions  of  conversion  of 
normal  alkyl  cyclohexanes  to  normal  alkyl  cyclopentanes: 


Cyclohexane  (gas)  =  Methylcyclopentane  (gas) 


(169) 


Methylcy cl ohexane  (gas)  =  Ethylcyclopentane  (gas) 

Ethylcyclohexane  (gas)  =  n-Propylcyclopentane  (gas) 

n-Propylcyclohexane  (gas)  =  n-Butylcyclopentane  (gas) 

Alkyl  cyclohexane  (gas)  =  n- Alkyl  cyclopentane  (gas);  for 
«-Butylcyclohexane  and  higher. 


(170) 

(171) 

(172) 


(173) 


426 


FREDERICK  D.  ROSSINI 


TEMPERATURE  IN  *C. 


Fig.  53.  Dehydrogenation  of  monoolefins  to  diolefins. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  the  reaction  of  dehydrogenating  a  given  monoolefin  to  a 
given  diolefin,  in  the  gaseous  state.  The  scale  of  abscissas  gives  the  temperature  in 
degrees  Kelvin. 

The  several  curves  refer  to  the  following  reactions  in  the  gaseous  state: 

(A)  propylene  =  propadiene  +  hydrogen 

(B)  1-butene  =  1,3-butadiene  +  hydrogen 

(C)  ct's-2-butene  =  1,3-butadiene  +  hydrogen 

(D)  £rans-2-butene  =  1,3-butadiene  +  hydrogen 

(E)  isobutene  =  1,3-butadiene  +  hydrogen 

(From  J.  E.  Kilpatrick,  C.  W.  Beckett,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
J.  Research  Natl.  Bur.  Standards  42,  225  (1949)). 


Figure  49  gives  a  plot  of  the  logarithm  of  the  equilibrium  constant,  as  a 
function  of  the  temperature,  for  the  following  reactions  of  hydrogenation 
of  normal  alkyl  benzenes  to  normal  alkyl  cy  clohexanes . 


Benzene  (gas)  +  Hydrogen  (gas)  =  Cyclohexane  (gas) 

Toluene  (gas)  +  Hydrogen  (gas)  =  Methylcyclohexane  (gas) 

Ethylbenzene  (gas)  +  Hydrogen  (gas)  =  Ethylcyclohexane  (gas) 

n-Propylbenzene  (gas)  +  Hydrogen  (gas)  =  n-Propyl cyclohexane 
(gas) 


(174) 

(175) 

(176) 

(177) 
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TEMPERATURE  IN  *C. 


Fig.  54.  Isomerization  of  diolefins  to  acetylenes. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  the  reaction  of  isomerization  of  a  given  diolefin  to  a  given 
acetylene  hydrocarbon,  in  the  gaseous  state.  The  scale  of  abscissas  gives  the  tempera¬ 
ture  in  degrees  Kelvin. 

The  several  curves  are  for  the  following  reactions  in  the  gaseous  state,  as  indicated : 
propadiene  =  propyne 

1.2- butadiene  =  1-butyne 

1.2- pentadiene  =  1-pentyne 

1.3- butadiene  =  2-butyne 
cis-l,3-pentadiene  =  2-pentyne 
trans-1, 3-pentadiene  =  2-pentyne 

J'  Eu  Kilpatrick.0-  W.  Beckett,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
larch  Natl.  Bur.  Standards  42,  225  (1949)). 


(From 
J. 


n-Alkyl  benzene  (gas)  +  Hydrogen  (gas)  =  n- Alkyl  cyclohexane 

(gas);  for  n-Butylbenzene  and  higher.  (178) 

Figure  50  gives  a  plot  of  the  logarithm  of  the  equilibrium  constant,  as  a 
function  of  the  temperature,  for  the  following  reactions  of  cyclization  of 
1-alkene  monoolefins  to  normal  alkyl  cyclohexanes; 


1-Hexene  (gas)  —  Cyclohexane  (gas) 
1-Heptene  (gas)  =  Methylcyclohexane  (gas) 


(179) 

(180) 
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1-Octene  (gas)  =  Ethylcyclohexane  (gas) 

1-Alkene  (gas)  =  n- Alkyl  cyclohexane  (gas);  for  1-Nonene  and 
higher. 


(181) 

(182) 


TEMPERATURE  IN  °C. 


Fig.  55.  Equilibrium  concentrations  of  the  six  methylstyrenes. 

The  scale  of  ordinates  measures  the  amount  in  mole  fraction,  and  the  scale  of 
abscissas  gives  the  temperature  in  degrees  Kelvin  and  degrees  centigrade.  The 
vertical  width  of  a  band  at  a  given  temperature  measures  the  mole  fraction  of  the 
given  isomer  present  at  equilibrium  with  all  of  its  other  isomers  in  the  gaseous  state. 
(From  J.  E.  Kilpatrick,  C.  W.  Beckett,  E.  J.  Prosen,  K.  S.  Pitzer,  and  F.  D.  Rossini, 
J.  Research  Natl.  Bur.  Standards  42,  225  (1949)). 

8.  DIOLEFINS 

Kilpatrick  et  al.  (46)  have  summarized  the  results  on  the  thermodynamic 
properties  of  the  diolefins  C3  to  C5. 

In  Fig.  51  are  plotted,  as  a  function  of  temperature,  for  the  two  buta¬ 
dienes,  the  amounts,  in  mole  fraction,  of  each  of  the  isomers  present  at 
equilibrium  with  the  other  isomer  in  the  gaseous  state. 

In  Fig.  52  are  plotted,  as  a  function  of  temperature,  for  the  seven 
pentadienes,  the  amounts,  in  mole  fraction,  of  each  of  the  isomers  present 
at  equilibrium  with  the  other  isomers  in  the  gaseous  state. 
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In  Fig  53  are  plotted,  as  a  function  of  temperature,  values  of  the  loga¬ 
rithm  of  the  equilibrium  constant  for  the  reactions  of  dehydrogenation  of 
propylene  to  propadiene  and  of  each  of  the  four  butenes  to  l  ,3-butadiene. 


* 

o 


temperature  in  *c. 

o  200  400  600  600  1000  - £2° 

n — i — i — i — r — i — i  i  1  1  '  '  '  ' 


r>£  HYDROGENATION 


A.  ETHYLBENZENE  ■  STYRENE  +  HYDROGEN 

B  ISOPROPYLBENZENE-  e*  -  METHYLSTYRENE 
+HYOROGEN 
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Fig.  56.  Dehydrogenation  of  alkyl  benzenes  to  corresponding  styrenes. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  the  reaction  of  dehydrogenating  a  given  alkyl  benzene  to  a 
corresponding  styrene,  in  the  gaseous  state.  The  scale  of  abscissas  gives  the  tempera¬ 
ture  in  degrees  Kelvin. 

The  several  curves  refer  to  the  following  reactions  in  the  gaseous  state: 

(A)  ethylbenzene  =  styrene  +  hydrogen 

(B)  isopropylbenzene  =  a-methylstyrene  +  hydrogen 

(C)  isopropylbenzene  =  m-j3-methylstyrene  +  hydrogen 

(D)  isopropylbenzene  =  Irans-/3-methylstyrene  +  hydrogen 

(E)  1 -methyl -2-ethylbenzene  =  o-methylstyrene  +  hydrogen 

(F)  l-methyl-3-ethyIbenzene  =  wi-methylstyrene  +  hvdrogen 
(L.)  l-methyl-4-ethylbenzene  =  p-methylstyrene  +  hydrogen 

(1  rom  J.  E.  Kilpatrick,  0.  W.  Beckett,  E  J  Prosen  K  S  pif 7nr  orwt  T?  n 

./.  Research  Natl.  Bar.  Standards  42, 225  (1949))  ’  '  ‘  Ross,ni- 


In  Fig.  54  are  plotted,  as  a  function  of  temperature,  values  of  the  loga¬ 
rithm  of  the  equilibrium  constant  for  the  reactions  of  isomerization  of 
piopadiene  to  propyne,  1,2-butadiene  to  1-butyne,  1  ,2-pen tadiene  to 
-pentyne,  1,3-butadiene  to  2-butyne,  cfs-1 ,3-pentadiene  to  2-pentvne 
and  trans-l  ,3-pentadiene  to  2-pentyne. 
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9.  STYRENE  AND  METHYLSTYRENES 

Kilpatrick  et  al.  (46)  have  summarized  the  results  on  the  thermodynamic 
properties  of  styrene  and  the  methylstyrenes. 

In  Fig.  55  are  plotted,  as  a  function  of  temperature,  for  the  six  methyl- 


TEMPERATURE  IN  *C. 

0  200  400  600  BOO  1000  1200 


Fig.  57.  Dehydrogenation  of  cycloparaffins  to  cycloolefins. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  ^ 
eauilibrium  constant  for  the  reaction  of  dehydrogenating  the  given  cycloparaffin  to 
the  corresponding  cycloolefin,  in  the  gaseous  state.  The  scale  of  abscissas  gives  the 

temperature  in  degrees  Kelvin.  .  .  , 

The  curves  refer  to  the  following  reactions  in  the  gaseous  state. 

C5Hj0  (gas,  cyclopentane)  =  CBH8  (gas,  cyclopentene)  +  H2  (gas) 

C6Hi2  (gas,  cyclohexane)  =  C6H10  (gas,  cyclohexene)  +  H2  (gas) 

(From  MB.  Epstein,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research  Natl.  Bur.  Stand¬ 
ards  42,  379  (1949)). 


styrenes,  the  amounts,  in  mole  fraction,  of  each  of  the  isomers  present  at 

equilibrium  with  the  other  isomers  in  the  gaseous  state. 

In  Fig  56  are  plotted,  as  a  function  of  temperature,  values  of  the  loga¬ 
rithm  of  the  equilibrium  constant  for  the  reactions  of  dehydrogenation  of 
ethylbenzene  to  styrene,  isopropylbenzene  to 

benzene  to  cis-/3-mcthylstyrene,  isopropylbenzene  to  (rans-/3-methy .  y  , 
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1  -methyl-2-ethy lbenzene  to  0-methylstyrene,  l-methyl-3-ethylbenzene  to 
m-methylstyrene,  and  l-methyl-4-ethylbenzene  to  p-methylstryene. 


TEMPERATURE  IN  *C. 


Fig.  58.  Dehydrogenation  of  cyclohexene  to  benzene  and  disproportionation  of 
cyclohexene  to  benzene  and  cyclohexane. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  of  the 
equilibrium  constant  for  the  given  reaction,  in  the  gaseous  state.  The  scale  of  abscis¬ 
sas  gives  the  temperature  in  degrees  Kelvin. 

The  curves  refer  to  the  following  reactions  in  the  gaseous  state: 

CeHio  (gas,  cyclohexene)  =  CeHe  (gas,  benzene)  +  2H»  (gas) 

3C6h10  (gas,  cyclohexene)  =  C6H6  (gas,  benzene)  +  2C6H12  (gas,  cyclohexane). 

afrfrs?2  379  (&»  “’  K*  S'  PitZer’  and  F’  D'  Rossini-  J-  Res*a™h  Nail.  Bur.  Stand- 


10. 


CYCLOPENTENE  AND  CYCLOIIEXENE 


Epstein  et  al  (47)  and  Beckett  et  al.  (48)  have  summarized  the  results 
on  the  thermodynamic  properties  of  cyclopentene  and  cyclohexene 

■in  ate  P.'“tted’  as  a  Unction  of  temperature,  values  of  the  loga- 

nthm  of  the  equilibrium  constant  for  the  reactions  of  dehydrogenation  of 
cyclopentane  to  cyclopentene  and  of  cyclohexane  to  cyclohexene. 

"  'f.?8  ar°  Pl.otted'  as  a  function  of  temperature,  values  of  the  loga¬ 
rithm  of  the  equilibrium  constant  for  the  dehydrogenation  of  cyclohexene 
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to  benzene  and  for  the  disproportionation  of  cyclohexene  to  cyclohexane 
and  benzene. 

In  Fig.  59  are  plotted,  as  a  function  of  temperature,  values  of  the  loga¬ 
rithm  of  the  equilibrium  constant  for  the  isomerization  of  cyclopentene 
to  1-pentyne,  of  cyclopentene  to  trans- 1 ,3-pentadiene,  and  of  cyclohexene 
to  1-hexyne. 


TEMPERATURE  IN  *C. 

0  200  400  600  800  1000  1200 


Fig.  59.  Isomerization  of  cycloolefins  to  diolefins  and  to  acetylenes. 

The  scale  of  ordinates  gives  the  value  of  the  logarithm  (to  the  base  10)  ot  the 
equilibrium  constant  for  the  given  reaction,  in  the  gaseous  state.  4  he  scale  <>t  ab¬ 
scissas  gives  the  temperature  in  degrees  Kelvin. 

The  curves  refer  to  the  following  reactions  in  the  gaseous  state. 

(A)  C5H8  (gas,  cyclopentene)  =  C'sHg  (gas,  trans-1, 3-pentadiene) 

(B)  CoIIg  (gas,  cyclopentene)  =  C5H8  (gas,  1-pentyne) 

(C)  CkHio  (gas,  cyclohexene)  =  C6Hio  (gas,  1-hexyne) 

(From  M  B.  Epstein,  K.  S.  Pitzer,  and  F.  D.  Rossini,  J.  Research  Natl.  Bur.  Stand¬ 
ards  42,  379  (1949)). 
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Electromorphic  ions,  217,  220,  224,  225 
Electron  cloud,  26 
density,  62 

diffraction,  by  gases,  71 
Electronic  bombardment,  228 
states,  153 
theory,  2 

Electrons,  paired  and  unpaired,  20 
sharing  of,  114 
Electrostatic  attraction,  2 
Electrovalence,  4 
Enantiotropism,  330,  332 
Energy,  free,  366 
interval,  364 

levels,  115,  118,  129,  131,  374,  375 
^Enthalpy,  364 
^Entropy,  365,  379,  386 

of  fusion,  319,  332,  387 
of  mixing,  373 
of  vaporization,  387 
Entropy  changes,  330,  334 
Equilibria,  thermodynamic,  363 
Equilibrium  constant,  317,  368 
Equilibrium  distance,  120 
Ethane,  64,  77,  96,  109,  158,  301,  302,  356, 
380,  401,  407 

Ethanol,  231,  250,  251,  252 
Ethene,  see  Ethylene 
Ethyl  alcohol,  231,  250,  251,  252 
Ethylbenzene,  106,  200,  203,  204, 

341,  384,  410,  418,  426,  429,  430 
Ethylcyclohexane,  385,  419,  421, 

425,  426,  428 

Ethylcyclopentane,  332,  416,  417, 

422,  425 

Ethylene,  37,  40,  77,  109,  125,  174, 

‘401,  402,  403,  407 
Ethylene  chlorohydrin,  268 
Ethylenecyanide,  251 
Ethylene  diformate,  304 
Ethylene  glycol,  249 
Ethyl  ether,  254,  301 
3-Ethylpentane,  180,  332,  383 
Eutectic,  349,  353,  355,  357 
Excitation,  155,  156 


205, 

423, 

418, 

396, 


Extract,  244 
Extraction,  solvent,  241 

F 

Field  intensity,  222 
Filter  solutions,  196 
Fluorene,  65 
Fluorescence,  139 
Fluorite,  158 
Force  constants,  126 
Formamide,  255 
Formic  acid,  232 
Fourier  analysis,  62,  68 
Franck-Condon  Principle,  89,  155,  156 
164 

Freedom  of  rotation,  34 
Free  energy,  366,  367 
function,  379,  386 
of  formation,  385,  386 
Free  radicals,  100 
Freezing  point,  316 
Frequency,  56 
Fugacity,  370,  379 

Fundamental  frequency,  115,  131,  149 
Fusion  curve,  341 
Fusion,  entropy  of,  387 
fractional,  359 
heat  of,  315,  317,  387 
Furfural,  211,  268,  304 
Furfuryl  alcohol,  267,  268 

G 

Gas  mixtures,  preparation  of,  174,  179 

Gasoline,  178,  247,  268 

Gamma-rays,  228 

Glasses,  343,  359 

Glycerol,  305 

Gratings,  116,  117,  118 

Ground  state,  44 


H 

Halomethanes,  149 
Hamiltonian  operator,  6 
Harmonic  oscillator,  57,  121,  377 
Heat,  of  combustion,  49,  381,  387 
of  formation,  381,  382,  386 
of  fusion,  315  ff.,  317,  319,  326,  331, 
332,  387 

of  isomerization,  383  ff. 
of  reaction,  367 
of  transition,  320 
of  vaporization,  387 
Heat  capacity,  317,  367,  379,  386 
premelting,  343 
Heat  content,  364,  386 
Heat  content  function,  379,  396 
Heat  effects,  330 
Heavy  isotopes,  94 
Heitler-London  treatment,  19 
n-Heptacontane,  319 
a-Heptadecane,  352 
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?i-Heptane,  64,  180,  239,  248,  251,  267, 
269,  271,  301,  304,  326,  332,  357,  383, 
416,  423 
Heptanes,  383 
equilibrium  of,  394 
free  energy  of  isomerization  of,  391 
n-Heptylbenzene,  410 
Hermite  polynomials,  121 
Hexachloroethane,  302 
a-Hexadecane,  228,  300,  352 
n-Hexadecylcyclopentane,  419 
1-Hexadecene,  396 
2,4-Hexadiene,  237 

n-Hexane,  77,  200,  228,  237,  255,  256, 
257,  270,  301,  347,  383,  393,  410,  423 


Hexanes,  302 

Hexanes,  free  energy  of  isomerization 
of,  391 

Hexamethylbenzene,  64,  77,  78 
1-Hexene,  396,  401,  419 
Hexenes,  equilibrium  of,  400 
free  energy  of  isomerization  of,  397 
1-Hexyne,  432 
rc-Hexylbenzene,  410 
Hydridization,  31,  32 
Hydrocarbons,  purity  of,  334 
Hydrogen,  90 

Hydrogen  bond,  127,  303,  305 
Hydrogen  discharge  lamp,  152 
Hydrogenation,  49 

of  n-alkylbenzenes,  416,  417,  418,  423, 
426,  427 

of  olefins,  400,  401 
Hydroxyethyl-ethylenediamine,  265 
Hyperconjugation,  49 


I 

Inelastic  collision,  89 
Infrared  absorption,  114,  168 
analysis  by,  170,  171 
spectra,  56,  114 
analyzers,  192 
region,  far,  118 
Incoherent  scatter,  70 
Insulation,  162 

Intensity  of  a  pattern,  in  mass  spec¬ 
troscopy,  105 

Interatomic  distance,  64,  70,  77 
Internal  pressure,  305 
Internal  standard  method,  198 
Internuclear  distance,  128,  158 
Internuclear  separation,  122,  155 
Interplanar  spacing,  59 
Ion  current,  105 
Ionic  conduction,  238 
Ionization  chamber,  contamination  of 
103 

effect  of  temperature  on,  104 
Ionization  efficiency,  103 
curve,  92 

Ions,  deflections  of,  83 
electrolytic,  220 


electromorphic,  217,  220,  224,  225 
mobility  of,  219 
production  of,  87 
Irradiation,  227 

Isobutane,  77,  93,  94,  96,  171,  172,  173, 
390,  392,  396,  398,  402,  403 
Isobutene,  171,  172,  384,  402,  403,  426 
Isobutylene,  see  Isobutene 
Isodurene,  351 

Isomerization,  of  acetylenes,  403 
of  cycloolefins.  432 
of  olefins,  396 
of  paraffins,  390 

Isooctane,  see  2,2,4-Trimethylpentane 
Isopentane,  see  2-Methylbutane 
Isoprene,  237 
Isopropanol,  240,  256,  257 
Isopropyl  acetate,  266 
Isopropyl  benzene,  200,  384,  411,  413,  429. 
430 

Isotope  effect,  126 
Isotopes,  heavy,  94 
Isotopic  dilution  method,  100 
Isotopic  tracers,  126 

K 


Kekul6  forms,  159 
Ketones,  201,  210 
Kinetic  energy,  130 


L 

Laurylsulfonic  acid,  233 
Layer  lines,  59 
Light  source,  196 
Linear  molecules,  136 
Liquid  mixtures,  176,  179 
Lithium  fluoride,  synthetic,  184 
Lorentz  factor,  61 
Lubricating  oil,  250 

M 

Maleic  anhydride,  267 
Mass,  reduced,  121,  125 
Mass  spectra,  of  hydrocarbons,  93 
Mass  spectrograph,  Aston’s,  84 
double  focussing,  86 
precision,  85 

Mass  spectrometer,  83,  86 
Dempster-type,  84,  85 
Nier’s,  86,  87 

Mass  spectroscopy,  accuracy  of,  101 
in  hydrocarbon  analysis,  95,  106 
for  analyzing  non-volatile  compounds, 
99 

complete  direct  method,  95 
Maxwell’s  relation,  236 
Matrix  elements,  120 
Mesomerism,  43 
Mesons,  227 
Mercury  arc,  140 
Melting,  fractional,  357,  358,  360 
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Melting  point,  316,  334 
depression  of,  318,  339 
effect  of  pressure  on,  316 
Melting  points,  alternation  of,  321  ff. 
Melting  range,  318 

Methane,  31,  58,  64,  96,  109,  174,  176, 
319,  356,  381 

Methanol,  242,  250  ,  258,  270,  301 
Methylacetylene,  77 
trimerization  of,  415 
2-Methylalkanes,  325 
melting  points  of,  319,  321 

2- Methylbutane,  108,  173,  383,  390,  393 
Methylbutenes,  173,  347,  384,  403 

3 - Methyl  -1-butyne,  405,  406 
Methylcarbitol,  268 
Methylcellosolve,  267 
Methylcyclohexane,  180,  269,  332,  347, 

419,  422  ff. 

Methylcyclopentane,  180,  200,  244,  347, 
416,  417,  422,  425 

Methylethyl  benzenes,  200,  384,  411,  413, 
429,  431 

Methyl  ethyl  ketone,  184 
Methylhexanes,  107,  332,  383 
Methylnaphthalenes,  207,  209,  327 
Methylpentanes,  200,  347,  393 
2-Methyl -2-pentene,  173 
Methylpiperidine,  303 
Methylstyrenes,  428,  429,  430,  432 
Methyl  sulfate,  248,  267 
Miller  indices,  59 
Miscibility,  248,  257 
limited,  244 

Miscibility  relations,  305 
Mobilities,  of  ions,  219 
Modes,  of  vibration,  132  ff. 

Molar  polarization,  236 
Molecular-orbital  method,  24 
Molecular  rotations,  143 
Molecular  symmetry,  326,  327 
Molecule,  diatomic,  vibrational  levels 
of,  120 

Molecule  ion,  94 

Molecules,  asymmetrical  top,  136,  138 
spherical,  136 
symmetrical  top,  136 
Moment,  of  inertia,  127,  128,^376,  37 7 ,  37f 
Monochromator,  116,  117,  170 
Monoolefins,  201 

dehydrogenation  of,  426 
Multiplicity,  374,  375,  376 


N 

Naphthalene,  65,  157,  207,  208,  211,  237, 
327 

Naphthenes,  243,  332 
Natural  gas,  109 

Neopentane,  see  2,2-Dimethylpr opane 

Nitrobenzene, 141,  243,  255,  270,  272  3  , 

304 

Nitrogen,  109 


Nitromethane,  304 
Nitrotoluene,  272,  302 
No-bond  resonance,  49 
n-Nonane,  326,  328 
1-Nonene,  396,  424 
Normal  vibrations,  131 

O 

O-Branch, 145 
n-Octadecane,  330 

Isooctane,  see  2,2,4-Trimethylpenlane 
w-Octane,  184,  326,  423 
Octanes,  equilibrium  of,  395 
free  energy  of  isomerization  of,  392 
n-Octanol,  194 

1- Octene,  181,  396,  401,  424,  428 

2- Octene,  181 
n-Octylbenzene,  410 
n-Octylcyclohexane,  419 
Olefins,  178,  396,  401,  402,  426 

dehydrogenation  of,  426 
dimerization  of,  401,  402 
hydrogenation  of,  400,  401 
isomerization  of,  396 
n-Olefins-1,  melting  point  of,  319,  321 
Olefins-1,  stability  of,  396 
Opalescence,  265 
Opalescent  colors,  265 
Optical  density,  168,  174,  177,  178,  181, 
201 

Orbital,  13 
p-Orbital,  27,  30 
s-Orbital,  26,  30 

Orbital  angular  momentum,  157 
Oscillator,  harmonic,  57,  121,  377 
Overlapping,  32 
Overtone  frequency,  115 
Overtones,  149 
Oxidation  products,  231 

P 


P-branch, 137,  145 
Paraffin-naphthene  mixtures,  200 
Paraffin  wax,  218,  225,  271 
Paraffins,  178 
enantiotropic,  330 
n-Paraffins,  319 

heat  and  entropy  of  fusion,  331 
isomerization  of,  390 
melting  points  of,  319,  320 
stability  of,  389 

Parallel  frequency,  133,  135,  138 
Partial  direct  method,  97__ 
Partition  function,  376,  377 
Pattern,  in  mass  spectroscopy,  102 
Pattern  coefficient,  94,  105 
Pattern  intensity,  106 
Pauli  exclusion  principle,  8,  16,  23 
Peak  height,  95 
n-Pentacosane,  271 
n-Pentadecane,  328,  329 
1,3-Pentadiene,  237 
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Pentadienes,  425,  427,  429,  432 

1- Pentane,  see  2-Methylbutane 

n- Pentane,  77,  108,  173,  245,  24b,  258, 
326,  383,  390,  393,  408,  416,  417 

384,  396,  419,  401,  408 

2- Pentene,  cis,  173,  384 
cis,  347 

trans,  173,  384,  347 
Pentenes,  245,  246,  253,  255,  258 
equilibrium  of,  399 
free  energy  of  isomerization  ot,  3y/ 

1- Pentyne,  405,  406,  40S,  427,  429,  432 

2- Pen tyne,  405,  406,  427,  429 
Perturbation,  32,  132 
Perpendicular  frequency,  133 
Petroleum  ether,  266 
Phase,  348 

Phase  diagrams,  349 
ternary,  243  ff. 

Phase  rule,  348 

Phenanthrene,  351,  352 

Phenol,  165,  235,  243,  246,  253,  255 


Phenols,  182 
Photocells,  141 
Photoelectric  detector,  152 
Photographic  region,  115,  116 
Photographic  technique,  199,  202 
Photomultiplier  tubes,  141 
Photons,  115 
Picric  acid,  231 
Plait  point,  244,  246  ,  258 
Polarizability,  142,  144,  145,  146,  147, 
160,  236 

Polarization,  217 
Polaroid,  147 
Polishing,  190 

Polyatomic  molecules,  energy  levels  of, 


129 


Polyenes,  319 
Polyethylene,  237 
Polynuclear  aromatics,  213 
Polystyrene,  216,  230,  237,  238 
Potassium  iodide,  117 
Potential  energy,  3,  122,  130 
Potential  energy  curves,  91 
Premelting,  339,  342,  344,  345 
Preparation,  of  gas  mixtures,  179 
Pressure,  364 

Pressure  broadening,  147,  169,  174,  175 
Prism,  lithium  fluoride,  184 
quartz,  152 
region,  116 
spectrometers,  116 
Propadiene,  426,  427 

Propane,  77,  96,  109,  173,  265,  270,  301, 
302,  356,  380,  407 
n-Propanol,  249 
Propene,  see  Propylene 
Proper  function,  6 
Proper  values,  8 

n-Propylbenzene,  200,  384,  410,  411,  413, 
418,  426 


Propylcyclohexane,  424  ,  425  ,  426 
n-Propylcyclopentane,  418,  425 
Propylene,  109,  256,  265,  396,  401,  402, 
403,  407,  426 
Propyne,  407,  427 
Probability,  119 
Probability  cloud,  36,  39 
Puckered  ring,  65 
Purification,  by  freezing,  353,  354 
by  melting,  359 

PirrirlinO  9.4Q 


Q 


^-branch,  137 

Quantum  mechanics,  6 

Quantum  numbers,  13,  127,  128,  3/6 


R 


Radial  distribution  method,  75 
Radiation  detector,  116,  117 
Radicals,  free,  100 
Raffinate,  244 
Raman  effect,  138,  141,  146 
displacement,  142,  jf. 
lines,  139,  142,  146,  193,  194,  197 
depolarization  of,  146 
spectra  57,  139,  140,  144,  145,  150,  194 
spectrograph,  195,  196 
calibration  of,  198 
spectroscopy,  193,  194 
analysis  by  calibration  procedures, 


Rayleigh  scattering,  139,  146,  193 
R-branch,  137,  145 
Reciprocal  lattice,  60 
Reduced  mass,  121,  125 
Resolving  power,  172 
Resonance  energy,  49 
frequency,  122 
hybrid,  44 
no-bond,  49 
theory  of,  42 
Restoring  force,  120 
Reststrahlen,  118,  239 
Rigid  rotator,  127  ff. 

Rock  salt  optics,  169 
Rotation,  114 
hindered,  327,  378,  380 
in  the  solid  phase,  333 
spectra,  128 
Rotational  energy,  56 
energy  levels,  127 
fine  structure,  174 
lines,  128 
state,  128 
transitions,  56 
Rotator,  rigid,  127  ff. 

Rubbers,  99 
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s 

8-brunch, 145 
Scattered  light,  171 
Scatter  factor,  68 
Scattering  coefficient,  198 
Schrodinger  equation,  6,  56,  118,  119, 
127,  130 

Schumann  region,  158 
Selectivity,  of  solvents,  242 
Segments,  319,  327 
Setting  point,  318 
Simultaneous  linear  equations,  95 
solution  of,  Crout’s  method,  187 
Single  bonds, 

Singlet  level,  20 
Slit  widths,  172 
Sodium  chloride,  116 
Sodium  oleate,  256,  257 
Solid-phase  transitions,  328 ]f. 

Solid  solution,  318,  322,  335,  343,  359 
Solubility,  241 

of  hydrocarbons  in  water,  255,  256 
Solvent  extraction,  241 
Space  groups,  62 
Spacing  between  lines,  128 
Spectrograph,  116 
Spectrometer,  178 
Spherical  molecules,  138,  332 
Spin  quantum  numbers,  157 
Spiropentane,  77 
Stannic  chloride,  270 
Stereochemistry,  2 
Stilbene,  63,  64 
Stokes’  law,  220,  236 
Strain  theory,  40 
Stretching,  377 
Stretching  vibration,  124,  125 
Structural  data,  for  hydrocarbons,  64,  77 
Structural  theory,  1 

Structure  factor,  for  electron  scatter,  72 
Styrene,  117,  210,  429,  430 
Substitution,  effect  on  degeneracy,  150 
Substitution  theory,  1 
Succino-nitrile,  251,  252,  254 
Sulfur  dioxide,  176,  242,  265,  270 
Sulfuric  acid,  266 
Supersaturation,  303 
Sweating,  359 

Symmetrical  frequency,  134 
Symmetrical  molecules,  332 
Symmetrical  top  molecule,  148 

T 

Tetrabenzopentacene,  327 
n-Tetradecane,  330 
n-Tetradecylbenzene,  410 
Tetrafluoroethylene,  230 
Tetralin,  211,  237 

1,2,4,5-Tetramethylbenzene,  64 

2,2,3, 3-Tetramethylbutane,  326,  352 


Tetramethylethylene,  77 

2.2.3.3- Tetramethylpentane,  326 
n- 1  etratetracontane,  328 
w-Tetratriacontane,  327 
Theories,  of  intermediate  stages,  43 
Theory,  of  resonance,  42 
Thermionic  emission,  223 
Thermochemical  table,  380 
Thermodynamic  functions,  379 
Thermodynamics,  chemical,  364 

first  law  of,  364 
second  law  of,  364 
third  law  of,  372 
Thymol,  270 
Tie  lines,  246,  249 

Time-temperature  method,  335  346 

Tolane,  64 

Toluene,  203,  204,  210,  237,  251,  267,  327, 
332,410,417,418,426 
Transfer,  of  energy,  89 
Transference  number,  233 
Transformer  oils,  224 
Transient  conductivity,  218 
Transition,  115,  124,  155 
order-disorder,  345 
solid  state,  328  ff. 

Transition  probability,  119,  121,  128 
Trial  and  error  method,  61,  73 
Triangular  graphs,  243 
Tridecanoic,  235 
Triethvlene  glycol,  267 
Trimerization,  414,  415 
Trimethylbenzenes,  65,  200,  384,  411,  413 

2 . 2 . 3- T rimethylbutane ,  180,  301, 352,326, 
332  383 

2,2,5-Trimethylhexane,  403 

2.2.3- Trimethylpentane,  180 

2 . 3 . 3- T  rimet  hylpentane,  1 80 

2.3.4- Trimethylpentane,  180 

2.2.4- Trimethylpentane,  203,  227,  269, 
402,  403 

2.4.4- Trimethyl-l-pentene,  125 

1 .3.5- Triphenylbenzene,  67 
Triple  bond,  carbon-carbon,  38 
Triple  point,  316,  341,  357 
Triplet  level,  20 

Triptane,  see  2, 2, 3-T  rimethylbutane 
Tyndall  scattering,  196 
Type  theories,  1 


U 

Ultraviolet  absorption  spectroscopy,  201 
Ultraviolet  spectrophotometer,  207 
Uncertainty  principle,  6 
n-Undecane,  328,  329 

V 

Vacuum  thermocouple,  117,  169 
Vaporization,  entropy  of,  387 
heat  of,  387 
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Valence,  10 
angle,  41 
bond,  132 
bond  method,  23 
bond  order,  124 
chemical,  1 
forces,  115 

Variation  principle,  44 
Vibration,  114 

Vibration-rotation  spectra,  136 
Vibrational  frequency,  124,  137,  377 
Vibrational  quantum  number,  123, 
153 

Vibrational  spectra,  57 
Vibrational  transitions,  selectional  rules 
for,  144 

Vibrations,  normal,  131 
of  polyatomic  molecules,  129 
Viscosity  index,  243 


W 


Wave  equation,  6 
Wave  function,  6,  9 
Wavelength,  114,  378 
Wave  number,  56,  114,  378 


Waxes,  359 

Windows,  of  AgCl,  190 


of  CaF2,  190 
of  quartz,  190 


X 

X-ray  diffraction,  58 
by  gases,  69 

X-ray  scattering,  of  liquids,  68 
X-rays,  228 

m-Xylene,  203,  204,  205,  237,  384 
o-Xylene,  203,  204,  205,  237,  384 
p-Xylene,  203,  204,  205,  237,  384 
Xylenes,  268,  410,  412 
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